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PREFACE 

Portions of th is  paper were originated under studies conducted for 
the Department of Army Ordnance Corps under Contract No. DA-04- 
495-Ord-18. Such studies are now conducted for the National Aero- 
nautics and Space Administration under Contract No. NAS 7-100. 
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ABSTRACT 
\9bgq 

The results of an experimental investigation of bnvective he2t 
trr-fsam turbulent boundary layers accelerated-under the -._- influ- 
ence of _large pressure gradients in -a'" cooled convergent-divergent 
coni&noale j  - are presented. The investigation covered a range of 
stagnation pressures from 30 to 250 psia, stagnation temperatures from 
1030 to 2000 O R ,  and nozzle-inlet boundary-layer thicknesses between 
5 and 25% of the inlet radius. Steady-state heat-transfer rates from air 
heated by the combustion of methanol were determined locally from 
measurements using thermocouples embedded in the nozzle wall. The 
most significant unexpected trend in the results is the reduction in the 
heat-transfer coefficient, below the variation with stagnation pressure 
anticipated for a turbulent boundary layer, at stagnation pressures less 
than about 75 psia. As expected, the results include a maximum in the 
heat-transfer coefficient upstream of the throat, where the mass flow 
rate per unit area is largest, and a substantial decrease in heat transfer 
downstream of the point of flow separation, which occurred in the 
divergent section of the nozzle at the low stagnation pressures. A re- 
duction of about 10% in the heat-transfer coefficient resulted from an 
increase in the inlet boundary-layer thickness between the minimum 
and maximum thicknesses investigated. 

I -_____ .-. ~ -" -- 

Heat-transfer predictions with which the data were compared 
either incorporate a prediction of the boundary-layer characteristics or 
are related to pipe flow. At the higher stagnation pressures, predicted 
values from a modification of Bartz' turbulent boundary-layer analysis 
are in fair agreement with the data. As a possible explanation of the 
low heat-transfer rates at the lower stagnation pressures, a parameter 
is found which is a measure of the importance of flow acceleration in 
reducing the turbulent transport below that typical of a fully turbulent 
boundary layer. 

VI 
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1. INTRODUCTION 
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TOTAL PRESSURE AND TOTAL 
TEMPERATURE PROBES 

THERMOCOUPLES 
EMBEDDED IN 
NOZZLE WALL 

BAFFLES AND 
PERFORATED 

METHANOL 

TEMPERATURE 
,ORIFICE STATIC 

PRESSURE DROP WATER FLOW RATE AND 

Comprehensive studies of convective heat transfer from 
gases flowing under the influence of comparatively large 
pressure gradients have been mostly analytical. Laminar 
flow cases have been solved by boundary-layer theory 
approaches in which the restrictive assumptions are with- 
in the realm of describing actual processes. Turbulent 
flows, however, are too complex to formulate in such a 
way that descriptions of the momentum and energy trans- 
port processes can be made without the use of consider- 
able empirical information or assumptions which are so 
drastic that they themselves are essentially the solutions. 
The present investigation was undertaken in order to 
provide experimental convective heat-transfer informa- 
tion on turbulent flows subjected to large pressure gradi- 
ents with boundary layers that are thin in comparison 
to the cross section of the channels. It was anticipated 
that these results could be incorporated with turbulent 
boundary-layer theories to arrive at a meaningful method 
of predicting convective heat transfer in accelerating 
flows. 

Experimental measurements of heat transfer from gases 
flowing under the influence of pressure gradients have 
been made to some extent by other investigators. Data 
obtained from rocket-engine firings indicate that the local 
heat fluxes in nozzles (particularly the convergent sec- 
tions) are sensitive to injection schemes, combustion phe- 
nomena, and the proximity of a nozzle to the injector 
(Ref. 1). Furthermore, superimposed on the convective 

component is a radiation component, which, together 
with the other effects, introduces complexities into the 
gross heat-transfer process. Hence, results of measure- 
ments such as these have not been particularly informa- 
tive about the convective heat-transfer mechanism in 
accelerating turbulent boundary-layer flows. 

Most experimental results of previous investigations of 
convective heat transfer in a nozzle without injection 
and combustion effects were obtained either with noz- 
zles of small angles of convergence and divergence or 
at relatively low stagnation pressures and temperatures. 
Saunders and Calder's measurements (Ref. 2) were made 
only in the conical divergent section, with the half-angle 
of divergence about 1/2 deg. Ragsdale and Smith (Ref. 3), 
using superheated steam, made measurements in a nozzle 
which had small convergent and divergent half-angles of 
about 1 deg. The stagnation temperature was about 
1000"R, and the stagnation pressure ranged from 20 to 
35 psia. Baron and Durgin's measurements (Ref. 4) in 
two-dimensional nozzles were made at a stagnation tem- 
perature of 570'R and over a stagnation pressure range 
of 6 to 30 psia. In preliminary results (Ref. S), from the 
system shown in Fig. 1, semilocal values of heat transfer 
were determined by calorimetry for a few operating con- 
ditions. Only for Kolozsi's measurements (Ref. 6) in a 
7Rdeg  half-angle convergent and divergent conical 
nozzle at a stagnation temperature of about 1200"R were 

GPS TOTAL TEMPERATURE 
( 2  PROBES) 
I TEMPERATURE RISE STATIC 

(6"AND 12" SECTIONS) PRESSURE 
TAP ORIFICE EXIT 

STATIC PRESSURE DIMENSIONS I N  INCHES 

Fig. 1. Flow and instrumentation diagram 
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data reported at higher stagnation pressures of 225 and 
370 psia. 

In this investigation, which covered a range of stagna- 
tion pressures from 30 to 250 psia and stagnation tem- 
peratures from 1030 to 2000"R, compressed air was 
heated by the internal combustion of methanol and then 
mixed to obtain uniformity before it entered the nozzle. 
The mixing and distance of the combustion from the 
nozzle (Fig. 1) minimized maldistributions, and the ratio 
of methanol-to-air weight flow rate was small enough, 
even for the highest stagnation temperature, so that the 
products of combus tion could be treated approximately 
as air. The nozzle had a throat diameter of 1.803 in., a 
contraction-area ratio of 7.75 to 1, an expansion-area ratio 
of 2.68 to 1, a convergent half-angle of 30 deg, and a 
divergent half-angle of 15 deg. The exit Mach number 

was about 2.5. Local convective heat-transfer results were 
obtained by measuring steady-state temperatures with 
thermocouples embedded in plugs pressed into the water- 
cooled nozzle wall. The construction and calibration of 
these plugs are described in Appendix A. Radiation effects 
were negligible over the stagnation-temperature range. 
To determine the effect of boundary-layer thickness at 
the nozzle inlet on heat transfer in the nozzle, the length 
of the constant-diameter cooled approach section up- 
stream of the nozzle inlet was changed in 6-in. lengths 
from 0 to 18 in. 

In addition to the results given in graphical form in 
this Report, numerical values which could be used for 
future correlation and which supply additional informa- 
tion, such as wall and free-stream conditions, are included 
in Appendix B. 

II. INSTRUMENTATION 

The system flow and instrumentation diagram is shown 
in Fig. 1. Stagnation pressure was measured just upstream 
of the water-cooled approach section, and stagnation 
temperature was determined by averaging the readings 
of two shielded thermocouples placed 0.25 in. upstream 
of the nozzle inlet. These two thermocouples, located 1 
in. from the centerline, were spaced 180 deg apart cir- 
cumferentially and generally read within 2% of each 
other. To determine the static-pressure distribution along 
the nozzle, thirty-two static-pressure holes 0.040 in. in 
diameter were spaced circumferentially and axially in the 

nozzle wall. These static pressures were measured with 
mercury manometers. 

Boundary-layer traverses were made in the 5.07-in.- 
diameter cooled approach section at a location 1.25 in. 
upstream of the nozzle inlet. The stagnation-pressure 
probe was located 90 deg circumferentially from the 
stagnation-temperature probe. Details of the probe tips 
are shown in Fig. 2. The tip design is similar to that of 
probes used by Livesey (Ref. 7), with which he found a 

2 
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I 

STAGNATION PRESSURE PROBE 

0.040 I I D 0.04 0.053 E MgO INSULATION 

- ALUMEL 
WIRE 

I 0.006 D A'SPIRATION HOLES (4 PLACES) 

STAGNATION TEMPERATURE PROBE 

DIMENSIONS IN INCHES 

Fig. 2. Tip details of traversing boundary-layer probes 

negligible velocity displacement effect of the probe in 
the wall vicinity. The probes were moved mechanically 
via a micrometer lead screw, and their location from the 
wall was determined by a counter and a helipot. 

ALUMEL WIRES 

Steady-state wall temperatures and heat fluxes were 
obtained from thermocouples embedded in cylindrical 
plugs, a typical one of which is shown in Fig. 3. Three 
thermocouples were formed along the length of each 
plug, which was pressed into a hole drilled through the 
nozzle wall. In Appendix A, the construction and cali- 
bration of the plugs are described, including the deter- 
mination of the distance between thermocouple weld 
junctions by means of a Kelvin bridge circuit. One 
thermocouple plug was located at each of twenty-one 
axial locations, except at z / L  = 0.864, where there were 
two. These plugs were also spaced at numerous circum- 
ferential locations along the nozzle, as indicated in the 
table in Fig. 3, such that every third plug was located in 
a quadrant within 55 deg of successive ones. The nozzle 
and plugs were fabricated from the same billet of 502- 
type stainless steel. Available data on the thermal con- 
ductivity of this material indicated a small variation with 
temperature in the attainable wall temperature range. 
Values of thermal conductivity used in the data reduc- 
tion were obtained experimentally on material taken from 
the same billet that was used to fabricate the nozzle. 
Three longitudinal water-coolant passages cooled the 
outer surface of the nozzle and plugs. The nozzle instal- 
lation is shown in Fig. 4. 

CHROMEL WIRES 
A 

PLUG 
No. 

124 
025 
034 
123 
026 
035 
122 
028 
Hnb 
12ff 
029 
F42 
119 
030 
F43 
118 
031 
F H  
117 
C16 
033 
F46 

'11 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.702 
0.825 
0.864 
0.864 
0.905 
0.938 

E l  = 5.925 in. and A' = 2.552 I 

PLUG CoSlTlO" 

AIA* 

6.39 
5.05 
3.86 
2.98 
2.37 
1.88 
1.48 
1.23 
1.10 
1.02 
1 .w 
1.02 
1 .oo 
1.19 
1.28 
1.41 
1 3  
1 7 4  
4.94 
1.94 
2.14 
2.41 -- 

o i  J L  = 0.603. 

CIMIMRREHTIAL 
ANGLE ROM 

A U W Y  ZRO 

d.s 

330 
30 

150 
280 
80 

200 
315 
45 

155 
300 
do 

180 
285 
75 

200 
320 
40 

150 
275 
320 
85 

205 

Fig. 3. Thermocouple plug diagram and positions 
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Fig. 4. Nozzle installation 

I I I. H EAT-TRAN S FER CALCULATION PROCEDURE 

Although temperature gradients existed along the noz- 
zle wall, as indicated by the wall isotherms shown in 
Fig. 5 for a particular test, these were generally small, 

cated that only radial heat conduction normal to the wall 

need be considered. The local heat flux qzo normal to the 
gas-side wall was computed from 

(1) and the three thermocouple readings in each plug indi- k (Tu - Tb) 
q w  = ra In T b / T a  

4 
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For a given plug, the radii rw (gas-side wall radius), r,, 
and rl, are cobea r ;  they are taken perpendicular to the 
gas-side surface of the nozzle and extend to the center- 
line; T,  and Tb are internal wall temperatures measured 
with the thermocouples embedded in the plug. The 
thermal conductivity k is the arithmetic average of the 
values at Ta and Tb. 

The gas-side wall temperatures determined from the 
different thermocouple combinations in each plug were 
generally within 1%. However, in determining the wall 
heat flux from Eq. (l), there were inconsistencies. If the 
center thermocouple and the one nearest the gas-side 
wall were used, the calculated wall heat flux was on the 
average about 10% higher than with the thermocouples 
nearest the gas-side and water-side walls. With a com- 
bination of the center thermocouple and the one nearest 
the gas-side wall, the total heat load was found to agree 
within 5 %  of that computed from the coolant flow rate 
and the coolant temperature rise; consequently, these two 
thermocouples were used to calculate the wall heat flux. 
The estimated errors resulting from the use of these ther- 
mocouples are discussed near the end of Appendix A. 

The heat-transfer coefficient was computed by 

The adiabatic wall temperature Taw was calculated from 
a recovery factor assumed equal to the 1/3 power of the 
stagnation temperature value of the Prandtl number: 

Y-1 1 + Pr1I3 - M 2  
Taw 2 - -- 
Tt Y - 1  l+- M 2  

2 

The Mach number M was determined from the experi- 
mental static-to-stagnation pressure ratio p / p ,  for isen- 
tropic flow (7 = const.) at the corresponding stagnation 
temperature value of y for the products of combustion. 
The adiabatic wall temperatures so calculated differ only 
slightly from those corresponding to a recovery factor 
equal to 0.89. This value is based on measurements with 
air accelerated over a flat plate by a convergent opposite 
wall (Ref. 8) and by extrapolating wall temperatures to 
the zero heat-flux condition for air flow through a nozzle 
(Ref. 4). In both of these investigations, the recovery fac- 
tor was found to be independent of pressure gradient. 
Actually, for the large differences between the stagnation 
and wall temperatures in the present results, the calcu- 
lated heat-transfer coefficients are insensitive to the as- 
sumed recovery-factor dependence. 

4.0 

3.0 

c 
L 
\ < 

0 5 2.0 
a 
v) 
3 
0 
- 
a a 

1.0 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I .o I. 

A X I A L  DISTANCE RATIO Z/L 

Fig. 5. Nozzle wall isotherms 
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0.7 

IV. STATIC PRESSURE AND 

THROAT z/L = 0.603 
I I 1 

The measured static-to-stagnation pressure ratio along 
the nozzle is shown in Fig, 6 at a stagnation temperature 
of 1500"R for a range of stagnation pressures from 45 to 
150 psia. Measurements at higher stagnation pressures 
were not possible because of manometer limitations. Ex- 
cept in the nozzle-exit region, where the rapid rise in 
static pressure at the lower stagnation pressures indicates 
flow separation, the pressure-ratio distribution is nearly 
invariant. For computational purposes, it is assumed to 
be invariant above 150 psia. Deviations of measured 
pressure distributions from that predicted from one- 
dimensional isentropic flow are indicated. The deviations 
result from radial-velocity components caused by the 
taper and curvature of the nozzle and are as large as 30% 
just downstream of the throat. 

MASS FLUX DISTRIBUTIONS 

VI I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 

AXIAL DISTANCE RATIO z / L  

Fig. 6. Ratio of static to stagnation pressure 
along the nozzle 

In Fig. 7, the ratio of the local mass flux feue, calcu- 
lated from the measured wall static pressures, to that 
predicted from one-dimensional flow fluI, is shown at 
p t  = 75 psia for different stagnation temperatures and 
cooled approach lengths. For the tests shown, the maxi- 
mum value of the mass flux feue occurred at z / L  = 0.58. 
This location corresponds to the intersection of the sonic 

1.41 I I I I I I I I I 
COOLED 

TEST APPROACH 4 
LENGTH psi0 OR 

in. 
0 315 
0 303 
0 262 18 75.2 151 8 PREDICTION EQ.(3) 

i l t A 290 18 75.2 1989/ ... 

I .o 

0.9 

0.8 

line with the nozzle wall and is upstream of the geo- 
metric throat, which is located at z / L  = 0.603. Just 
downstream of the throat there is a sharp dip in the 
mass-flux ratio, the reduction below that predicted from 
one-dimensional flow amounting to about 15%. There 
appears to be a slight trend toward mass-flux ratios 
increasing with stagnation temperature, especially near 
the nozzle exit. The effect of boundary-layer thickness 
at the nozzle inlet on the mass-flux ratio is negligible. 

Since the deviations from one-dimensional flow are 
significant in the throat region, it is of interest to deter- 
mine to what extent the mass flux at the edge of the 
boundary layer is predictable. Oswatitsch and Rothstein 
(Ref. 9) considered isentropic, two-dimensional flow in a 
convergent-divergent nozzle. The wall boundary layer 
is neglected as is the requirement that the fluid velocity 
at the wall be exactly parallel to it. The final result of 
their analysis can be cast in the form of a ratio of the 
mass flux at the nozzle wall to that for one-dimensional 
flow 

1 - 

flu1 pl 
Po 

. .  
u1 
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where 

The predicted mass-flux ratio is only a function of the 
nozzle configuration, with the subscript 1 denoting aver- 

shown in Fig. 7 is in fair agreement with the data in the 
throat region. It also indicates the sonic line to be up- 
stream of the throat. At the intersection of the 
sections of the nozzle with the throat curvature, there is 

a predicted discontinuity in the mass-flux ratio as indi- 
cated by the &&ed lines. The prediction is not shown 

the magnitude of the nozzle radius and its derivatives 
implied in the analysis are not satisfied. Even in the 
throat region, these are marginal. 

age quantities for one-ensional flow. n e  prediction in the nozzle-entrance region, sine there, restrictions on 

V. BOUNDARY LAYERS AT THE NOZZLE INLET 

To indicate the nature of the boundary layer at the 
nozzle inlet with the 18-in. cooled approach length, 
the velocity ratio d u e ,  mass-flux ratio pu/peue. and 
stagnation-temperature distribution (Tt  - Tw)/ (Tt ,  - T,) 
are shown in Fig. 8 for a stagnation temperature of 
1500"R and a range of stagnation pressures from 45 to 
254 psia. The profiles indicate that the boundary layers 
are turbulent over the range of stagnation pressures. A 
1/7-power-law curve for negligible property variation 
across the boundary layer is shown for comparison. 
Values of the thicknesses S', 0, and + near the nozzle 
inlet were calculated by taking into account the mass, 
momentum, and energy defects for flow through a pipe 
of radius R. 

In general, these thicknesses are about 5% lower than 
those obtained by assuming flow over a plane surface. 
The effect of increasing stagnation pressures is to decrease 
the displacement, momentum, and energy thicknesses. 

In Fig. 9, the velocity profiles of Fig. 8 are shown in 
terms of U+ = u / f i / p e )  and y' = (y&/pe)/ve- The 
wall shear was determined by matching the profiles in 

7 
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0.4 
0 2 4 6 8 10 12 

y/e 

I .o 

0.8 

0.6 

0.4 
0 2 4 6 8 10 12 

Fig. 8. Boundary-layer profiles 1.25 in. upstream of 
nozzle inlet with 18-in. cooled approach length 

the wall vicinity to the “law of the wall,” which was 
taken in the form 

u+ = 5.5 + 2.5 In y+ for y+>30 (7) 

In the wall vicinity, the “law of the wall” appears to be 
valid, and in the outer part of the boundary layer, the 
departure is typical of the “law of the wake” proposed 
by Coles (Ref. 10). Shown in two ways in Fig. 9 are the 
friction coefficients, cf/2 = ~ J ( p ~ u ;  ), predicted from the 
Blasius flat-plate relation 

Tu,  0.0128 

With properties p and p evaluated at the free-stream 
temperature, the predictions exceed those deduced from 
matching to the “law of the wall” by about 20%. With 
properties evaluated at the film temperature, the pre- 
dictions are about 55% higher. Also shown in the Figure 
are the friction coefficients predicted from the boundary 
layer analysis of Ref. 11, which is discussed in Section 
VII. These predictions are nearer those deduced from 
the “law of the wall,” though they are still high. 

At the other stagnation temperatures of 1030 and 
2000”R, as well as with the shorter cooled approach 
lengths of 6 and 12 in., the boundary-layer profiles (not 
shown) were also turbulent. However, with no cooled 
approach length, the boundary layer appears to be in 
the transition region, as indicated by the velocity profiles 
shown in Fig. 10. These profiles lie between a turbulent 
and laminar one, as shown by the 1/7-power law and 
Blasius’ laminar-flow profiles. 

8 
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2 

- C f  - 
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FROM “LAW BLASIUS E Q . ( ~ )  BLASIUS E Q . ( ~ )  BOUNDARY-LAYER 
OF THE WALL” PROPERTIES PROPERTIES ANALYSIS (Ref. I I )  

EVALUATED AT EVALUATED PROPERTIES EVALUATED 
FREE-STREAM AT FILM AT FREE-STREAM 
TEMPERATURE TEMPERATURE TEMPERATURE 

0 266 44.8 2510 1.39 X 1.81 X 2.30X 1.71 X I O - ~  
0 262 75.2 3610 I .65 2.07 
D 268 150.6 7170 !::? 1 1.39 1 1.73 1 
0 275 254.0 8100 1.15 1.35 I .67 I .36 

Fig. 9. Velocity distributions 1.25 in. upstream of nozzle inlet with 18-in. cooled approach length 

IO 

0 8  

0 6  

:: 
2 

. _  
I / I 0 315 746 1516 0020 0.014 - 0  830 1 

Fig. 10. Velocity profiles 1.25 in. upstream of nozzle 
inlet without cooled approach length 
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VI. HEAT-TRANSFER RESULTS 

The variation of the heat-transfer coefficient along the 
nozzle with the 18-in. cooled approach length is shown 
in Fig. 11 for stagnation temperatures of about 1030, 
1500, and 2000"R and a range of stagnation pressures 
from 30 to 254 psia. At the highest stagnation tempera- 
ture, it was not possible to obtain data above a stagnation 
pressure of 125 psia because of temperature limitations 
on the wall-thermocouple insulating material. The curves 
in the Figure were faired through the data. It is 
evident that during a given test, circumferential varia- 
tions in heat transfer did exist, as indicated by the sym- 
bols which are tagged alike. These indicate thermocouple 
plugs spaced within 55 deg of each other. A certain 
amount of consistency can be deduced by comparing 
data obtained from the same thermocouple plugs for 
different tests. The majority of the tests were duplicated 
and found reproducible to within +2%. It was not pos- 
sible to explain these variations by nonuniformities in 
the flow based on measurements in the gas stream at the 
nozzle inlet. However, it is possible that nonuniformities 
could have existed in the boundary layer. 

The heat-transfer coefficients in Fig. 11 increase, as 
expected, with increasing stagnation pressures as a result 
of larger mass fluxes; however, their variation with stag- 
nation temperature at the different stagnation pressures 
is less clear, with the trends dependent on stagnation 
pressure. The maximum value of the heat-transfer coef- 
ficients occurs just upstream of the throat in the vicinity 
where the mass flux peue, as indicated in Fig. 7, is a 
maximum. A substantial decrease in heat transfer down- 
stream of the point of flow separation which occurred at 
the low stagnation pressures is indicated by the tests at 
a stagnation pressure of 45 psia. At the lowest stagnation 
pressure, the data are not shown in this region, since 
there were large fluctuations in the wall-thermocouple 
readings. 

To represent the heat-transfer results shown in Fig. 11 
in terms of correlation parameters commonly used in- 
volves both the selection of a characteristic length and 
the temperature at which properties are evaluated. In 
Fig. 12 there are shown, in addition to the data of Fig. 
11, data from many more tests at intermediate stagnation 
pressures presented in terms of the group, S t  and 
the Reynolds number based on the nozzle local diameter. 
Fluid properties were evaluated at the static temperature 
at the edge of the boundary layer, and the mass flux 

peue was used to compute both the Stanton and Reynolds 
numbers. The variation of viscosity, specific heat, and 
Prandtl number with temperature for air was obtained 
from Ref. 12. Each of the plots in Fig. 12 indicates the 
heat-transfer data obtained at a single area ratio or axial 
station. Hence, in each of the plots, increasing Reynolds 
numbers ( peueD/pe) at the different stagnation tempera- 
tures correspond directly to increasing stagnation pres- 
sures, since the nozzle diameter is constant. 

Proceeding through the subsonic part of the nozzle 
(decreasing area ratios), there is a substantial reduction 
in heat transfer at the lower stagnation pressures below 
that typical of a turbulent boundary layer (Curve A) 
where the dependence of the heat-transfer coefficient on 
the mass flux is ha ( p ~ , ) * / ~ .  This reduction persists 
through the throat and into the supersonic region. It 
could actually continue to the exit of the nozzle; how- 
ever, in these tests it was not possible to operate the 
nozzle without separation near the exit at low stagnation 
pressures. Measurements in separated regions are not 
shown. At the higher stagnation pressures (higher Rey- 
nolds numbers), above 75 psia, the heat transfer is typical 
of a turbulent boundary layer. 

Other investigators have observed unexpected trends 
accompanying the acceleration of turbulent boundary 
layers. The trends shown in Fig. 12 are similar to the 
results of Ref. 1, which were obtained from rocket-engine 
tests over a similar range of stagnation pressures. The 
large positive slope of the experimental curves at area 
ratios near 1 was noted as well as the eventual decrease 
in slope with increasing stagnation pressure. This implies 
that for the rocket-engine tests, injection and combustion 
effects did not substantially alter the heat-transfer trends 
from those indicated in Fig. 12. In Ref. 13, a turbulent 
boundary layer at the entrance of a supersonic nozzle 
was found to undergo transition to a nearly laminar one 
at the nozzle exit. The stagnation pressure was 4.3 psia. 
When the stagnation pressure was increased to 14.2 psia, 
a turbulent boundary layer was found at the nozzle exit. 
No boundary-layer measurements were made within the 
nozzle. In Ref. 14, it was observed that heat-transfer 
trends of the type seen here at the low stagnation pres- 
sures existed under lower pressure-gradient conditions. 
There was departure from fully turbulent flow through 
the acceleration region as indicated by the linearity of 
the measured velocity profiles in the wall vicinity. 
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Fig. 11. Heat-transfer coefficient vs. axial distance ratio with 18-in. cooled approach length 
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From these observations, it seems logical to speculate 
that at the lower stagnation pressures, the boundary 
layer may have undergone transition from the turbulent 
profile at the nozzle inlet to a partially laminar profile 
under the influence of the large, favorable pressure 
gradient. The consequent decrease in eddy transport 
would reduce both the wall friction and heat transfer. 
In Section VIII, a parameter relating a predicted reduc- 
tion in net production of turbulent kinetic energy to the 
low stagnation pressures is discussed. 

To indicate the variation of the Stanton number with 
Reynolds number along the nozzle, a few of the tests 
from Fig. 11 are shown again in Fig. 13. To help identify 
the axial location in terms of the Reynolds number, the 
measuring station nearest the nozzle inlet is noted and 

the data points in the supersonic region are tagged. No 
additional information is shown in this Figure; however, 
the trends of conditions along the nozzle are more evident 
than in Fig. 11. Again, the data downstream of the nozzle- 
inlet region for the lowest stagnation pressure deviate 
furthest from the (pcu,)4!5 dependency, which is shown as 
a reference curve. 

The effect of varying nozzle-inlet boundary-layer thick- 
nesses on the heat transfer is shown in Fig. 14, in particu- 
lar for a stagnation temperature of 1500"R and a range 
of stagnation pressures from 75 to 200 psia. With no 
cooled approach length, for which the ratio of estimated 
boundary-layer thickness to nozzle-inlet radius is about 
0.05, the heat-transfer coefficient is above the thicker 
layer results. This trend persists through the nozzle and 
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Fig. 13. Heat-transfer results along nozzle with 18-in. cooled approach length 
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extends into the supersonic region. Just upstream of the 
throat, where the heat-transfer coefficient is a maximum, 
the thinnest layer results exceed the thickest layer results 
obtained with the 18-in. cooled approach length by about 

10%. Apparently, with no cooled approach length, transi- 
tion from the boundary-layer profile shown in Fig. 10 to 
a turbulent one occurred upstream of the first heat- 
transfer measuring station. 

AXIAL DISTANCE RATIO z#- 

Fig. 14. Heat-transfer coefficients for various boundary-layer thicknesses at nozzle 
inlet vs. axial distance ratio 
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VII. COMPARISON OF HEAT-TRANSFER RESULTS WITH PREDICTIONS 

Methods of predicting nozzle heat transfer consist 
either of boundary-layer analyses or, because of their 
simplicity, of those related to pipe flow. In the boundary- 
layer analyses (e.g., Refs. 15, 16), the integral forms of 
the momentum and energy equations are solved based 
on a number of assumptions, the most important of 
which is an assumed form of Reynolds analogy between 
heat transfer and wall friction. A limited amount of data 
(Refs. 14,17, 18) for heat transfer to an accelerated, essen- 
tially incompressible, turbulent boundary layer where 
property variations were small has indicated that heat- 
transfer coefficients determined from the wall friction 
through one of the analogies known to apply for constant 
free-stream velocity were far in excess of actual values. 
However, since boundary-layer measurements were not 
made in the nozzle, an experimental check was not 
possible. 

Another, more recent, boundary-layer prediction meth- 
od in which various heat-transfer assumptions can be 
compared to experimental results is a modification of the 
turbulent boundary-layer analysis of Ref. 15. In the modi- 
fied analysis, as in Ref. 15, the integral forms of the mo- 
mentum and energy equations are solved simultaneously 
for 0 and +. The assumptions involve the specification of 
the heat-transfer and wall-friction coefficients, and the 
similarity of the boundary-layer velocity and stagnation- 
temperature profiles on a 1/7-power-law basis with 
respect to their individual thicknesses, which can be 
different from one another. The prediction yields both 
the flow and thermal characteristics when the nozzle 
configuration, wall temperature, and free-stream prop- 
erties are specified. To initiate the prediction, a knowl- 
edge of 0 and the ratio of thicknesses 6 t { 6  is required at 
one location which was taken at the boundary-layer 
measuring station 1.25 in. upstream of the nozzle inlet. 
A complete report on the computation procedure of the 
modified boundary-layer analysis, which is programmed 
for numerical solution on an IBM 7090 computer, is pre- 
sented in Ref. 11. 

The heat-transfer specification from the modified tur- 
bulent boundary-layer analysis (Ref. 11) is 

where 

K' = .@+ [ 5 Pr + 5 In (5 Pr + 1) - 14 +4] >' 
The factor K' is similar to the Prandtl-number cor- 
rection factor in the von K h h  analogy. The coeffi- 
cient c; is analogous to the wall friction coefficient cf 
but with the momentum thickness dependence replaced 
by the energy thickness. The ratio is a factor 
included in the analysis. For the present results, at 
stagnation pressures abwe 75 psia, n was found to have 
a value near zero. The wall friction coefficient is pre- 
dicted either from the Blasius flat-plate relation (Eq. 8), 
with properties p apd p epaluated at the film tempera- 
ture, as was done in the ea$ier analysis (Re$. 15), or by 
taking the adiabatic wall Yction coefficient (predicted 
from Cole's relation [Ref.<19] between the friction co- 
efficient for a compressible and , pcompr?ssible flow) 
with properties evalugted as in Ref. 11. This latter 
method is suggested by 8 limited amount of data for low- 
speed flow (Ref. 20), which indicate both the Stanton 
number and wall friction coefficient with propeTties eval- 
uated at the free-stream temperature to be insensitive to 
severe wall cooling. Of note is that for a severely cooled 
wall, the friction coefficient predicted by the latter 
method is substantially below that predicted by evalua- 
ting properties at the film temperature. 

Prediction of the heat-transfer coefficient from Eq. (9a) 
requires both the selection of n and the temperature at 
which properties are to be evaluated. With n 0.1, the 
prediction is approximately the same as that of Ref. 15. 
For comparison purposes, two limiting values of n are 
considered. These correspond to assuming a Stanton- 
number dependence only on the thermal characteristic 
9; i.e., n = 0, for which Eq. (sa) becomes 

or to taking n = 0.25, for which Eq. (sa) becomes ap- 
proximately the von Kbmln analogy 
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where 

K = {& [ 5 PT t 5 In (5 PT + 1) - 14 +GI}-' 
Other analyses which assume a Stanton-number depend- 
ence on + have been made in Refs. 17 and 21 and 
compared to experimental heat-transfer results for accel- 
erated turbulent boundary-layer flows. In Ref. 17, the 
predictions exceeded the data by about 30% in part of 
the acceleration region, while in Ref. 21, the correspond- 
ence with the data was good. 

The heat-transfer predictions shown in Fig. 15 as 
curve A are from Eq. (9b) for a stagnation temperature 
of 1500"R and a range of stagnation pressures from 45 
to 254 psia, with the 18-in. cooled approach length. These 
predictions were made with properties evaluated as in 
Ref. 11 and conditions at the edge of the boundary layer 
determined from the wall static-pressure measurements. 
Shown as curve C in Fig. 15 is the prediction from 
Eq. (lo), in which the friction coefficient ci/2 was de- 
termined from the modified turbulent boundary-layer 
analysis. The reduction in the predicted heat-transfer 
coefficients provided by Eq. (9b) below the von KArmLn 
analogy is due to the greater predicted thermal than 
velocity boundary-layer thicknesses through the nozzle. 
At the highest stagnation pressure, the predicted ratios 
of + / e  as indicated in Fig. 16 are as large as 6 in the 
throat region. At the 75-psia stagnation pressure, the cor- 
respondence of the prediction from the modified turbu- 
lent boundary-layer analysis, Eq. (9b), with the data is 
good except near the nozzle exit. At the highest stagna- 
tion pressure of 254 psia, where the circumferential 
variation of the data is considerable, the correspondence 
with the averaged heat-transfer data is fair. The repro- 
ducibility of the data in Fig. 15 for 254 psia is indicated 
by the two sets of data shown by the open and shaded 
symbols. At the lowest stagnation pressure, p ,  = 44.8 
psia, the prediction exceeds the data by as much as 50% 
in the throat region. For the range of stagnation pres- 
sures, the predicted maximum value of the heat-transfer 
coefficient is just upstream of the throat, in agreement 
with the data. 

The effect of temperature choice for property evalua- 
tion may be observed in Fig. 15 by comparing curves A 
and B. Curve B represents Eq. (9b) with properties eval- 
uated at the film temperature Ti. In the throat region, it 
lies above the data but is in better agreement near the 
nozzle exit than curve A. 

~ ~~ ~~ 

I A I  MODIFIED TURBULENT BOUNDARY-LAYER ANALYSIS EO (20) 
PROPERTIES EVALUATEO AS IN Ref I1 I --- ----- 181 SAME AS CURVE I A I  BUT WITH PROPERTIES EVALUATED AT THE 
FILM TEMPERATURE 

-.-.-e- (CI VON K ~ R M ~ N  ANALOGY EO (10) 
(Dl PIPE FLOW EO Ill1 
IEI SIMPLIFIED EO I121 -.- 

FOR CURVE lD1,FUOPERTIES WERE EVALUATED AT THE FREE-STREAM 
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Fig. 15. Comparison of experimental heat-transfer 
coefficients with predictions at T t ,  = 1500"R with 

18-in. cooled approach length 

For comparison, the predictions from the following 
form of the pipe-flow equation for fully developed flow 
in which both the thermal and velocity boundary layer 
extend to the centerline and there is no significant pres- 
sure gradient are shown as curve D in Fig. 15. 

S t  = 0.023 ReD-0,2 (11) 

Also shown, as curve E in Fig. 15, is the equation of 
Ref. 22: 
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Fig. 16. Predicted thickness ratios along nozzle with 
18-in. cooled approach length 

In the pipe-flow equation, all properties were evaluated 
at the free-stream static temperature, while in Eq. (E), 
the Prandtl number and specific heat were assumed con- 
stant at their stagnation temperature values and p and p 
were evaluated at the film temperature. In Eq. (E), 
one-dimensional flow quantities were used, since two- 
dimensional effects are not taken into account in the 
derivation. If they were, the prediction would be nearer 
that of the pipe-flow equation. Two-dimensional values 
of local mass flux are 15% below the one-dimensional 
values just downstream of the nozzle throat, as seen in 
Fig. 7. The prediction from Eq. (12) exceeds the data by 
as much as 80% in the throat region. The pipe-flow pre- 
diction, Eq. (ll), though in better agreement with the 
data, is still about 25% high at the throat. 

From these observations, it appears that fair agreement 
with the data is provided at the higher stagnation pres- 
sures by the modified boundary-layer analysis taken in 
the form of Eq. (9b), with properties evaluated as in 
Ref. 11. These predictions are also shown, along with 

others, at the intermediate pressures of p t  = 60 and 150 
psia for Tt, = 1500"R, as curve A in Fig. 12. The pre- 
dicted Stanton-number dependence on the mass flux is 
approximately that of the pipe-flow equation, which 
is shown as curve D. However, the prediction for all the 
axial locations cannot be approximated by an equation 
like the pipe-flow equation but with a lower coefficient 
because of the variation of the predicted value of 4 
relative to D. For a given run, 4 decreases through the 
subsonic region, attaining a minimum near the throat, 
and then increases in the supersonic region, qualitatively 
similar but not in direct correspondence with the nozzle 
diameter. A few of these predicted ratios are shown in 
Fig. 16. 

In Figs. 12c through l2i, the reduction in heat transfer 
at Reynolds numbers, Re,, less than about 8 X lo5 is 
not predictable from an analysis for a turbulent boundary 
layer, as indicated by the prediction from Eq. (9b) shown 
in Fig. 12 as curve A. 

Predictions from Eq. (9b) (not shown) were also made 
at stagnation temperatures of 1030 and 2000"R, with the 
18-in. cooled approach length. The magnitude of the 
decrease in the heat-transfer coefficient with increasing 
stagnation temperature at the higher stagnation pressures 
shown in Fig. 11 was not predictable. From Eq. (9b), the 
dependence of the heat-transfer coefficient on stagnation 
temperature at a given stagnation pressure is nearly 
h a T,,-o.28 +-o.2. However, the energy thickness at the 
nozzle inlet decreased with increasing stagnation tem- 
perature, such that the difference in predicted heat- 
transfer coefficients was substantially less than exhibited 
by the data. 

The trend of higher heat-transfer coefficients through 
the nozzle with thinner boundary layers at the nozzle 
inlet is shown in Fig. 14 to be predictable from Eq. (9b). 
However, the magnitude of the predicted increase should 
probably be estimated from the 6- and 18-in. cooled ap- 
proach length predictions. For the zero cooled approach 
length prediction, wall cooling was assumed to begin at 
the nozzle inlet. To require that the Stanton numbers 
remain finite there, the energy thickness was taken at a 
small value equal to 0.001 in. 
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VIII. SOME ADDITIONAL OBSERVATIONS OF THE FLOW 
AND THERMAL CHARACTERISTICS 

In this Section, some features of the flow are shown 
which depend on the predicted flow and thermal charac- 
teristics obtained from the modified turbulent boundary- 
layer analysis (Ref. ll), with properties evaluated as in 
Ref. 11. In Fig. 16, the predicted ratios of +/t9 and 6 J 6  
indicate the thicker predicted thermal than velocity 
boundary layers, especially in the throat region. Because 
of the cooled wall, the displacement thickness 6’ becomes 
negative upstream of the throat, as does H = 8’ /6 .  

In Fig. 17, the predicted momentum thickness Rey- 
nolds numbers are a minimum a considerable distance 
upstream of the throat. At the lowest stagnation pressure, 
where the heat transfer is below that typical of a turbu- 
lent boundary layer, the minimum Reynolds number is 
1500. Although this predicted value is probably different 
from the actual value, it is still considerably above the 
measured value of 600 found in Ref. 14, below which 
there was departure from fully turbulent flow. For the 
case of constant free-stream velocity, Preston (Ref. 23) 
proposed a value of 320 above which the flow could be 
considered fully turbulent; for accelerated flows he esti- 
mated that the limit might be lower. 

To indicate the magnitude of the forces acting on the 
boundary layer through the nozzle, the ratio of the pres- 
sure forces which tend to accelerate the boundary-layer 
flow to the retardation wall shear forces is shown in 
Fig. 18 as 

dP s -  
dx - -  

TW 

In this ratio the pressure gradient was numerically 
approximated from the wall static pressure measurements 
downstream of z / L  0.3. In the nozzle inlet section 
where the pressure gradient was difficult to obtain nu- 
merically, one-dimensional flow was assumed which 
provided an analytical relation for the pressure gradient. 
The ratio is largest in the convergent section before 
decreasing through the throat and divergent section. For 
comparison, the value of the ratio for fully developed 
flow in a circular pipe is shown to demonstrate the large 
flow accelerations in a nozzle. 

To gain some knowledge of the mechanism which at 
the low stagnation pressures reduces the heat transfer 

1 8  
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LED APPROACH 

0 
0 01 02 03 0 4  0 5  06 0.7 0.8 0 

AXIAL DISTANCE RATIO z/L 

Fig. 17. Predicted momentum thickness Reynolds 
numbers along nozzle 

below that typical of a fully turbulent boundary layer, 
reference is made to the boundary-layer turbulence- 
energy equation (e.g., Ref. 24). For simplicity, an 
incompressible plane flow is assumed for which the con- 
vection of turbulent kinetic energy by the mean flow is 

The terms represent the following: 

(a) Production of turbulent kinetic energy by the 
working of the mean velocity gradients against 
the Reynolds stresses. 

(b) Work done by the turbulence against the fluctu- 
ation pressure gradients. 
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AXIAL DISTANCE RATIO z/L 

Fig. 18. Predicted ratio of pressure to wall shear forces acting on boundary layer along nozzle 

(c) Convection of turbulent kinetic energy by the 

(d) Transfer of energy by the working of the turbu- 

turbulence itself. 

lent viscous stresses. 

For a two-dimensional flow with a pressure gradient, 
the significant terms from term (a) that lead to a produc- 
tion or decay of convected turbulent kinetic energy are 

The remaining terms (b), (c), and (d) in Eq. (13) are 
dependent on the turbulence produced. The first term 
in Eq. (14) is always positive and leads to a production 
of turbulent kinetic energy. However, with flow accelera- 
tion W a x  > 0, the second term leads to a decay of tur- 
bulent kinetic energy provided that Un > 7. Thus, a 
measure of the importance of flow acceleration in reduc- 
ing the net production of turbulent kinetic energy is 
given by a ratio of the two terms in Eq. (14): 

au 
(u" - u*) - 

ax 

- -  

To establish the variation of x in the flow direction 
requires a knowledge of the turbulent quantities across 
the boundary layer. In the absence of turbulence meas- 
urements in accelerated flows, this estimate is restricted 
to the flat-plate measurements of Klebanoff (Ref. 25) 
at a momentum thickness Reynolds number of about 
8 X lo3. The production term - u'u' W a y  is largest in 
the wall vicinity where ( y p  ) / y e  30. Using the 
'law of the wall," Eq. (7), 

- 

e velocity gradient is 

An average value of (Ult - 7)/(-Z?) 1.8 is taken 
from Klebanoff's data since this ratio did not vary appre- 
ciably across most of the boundary layer. Approximating 
the velocity gradient i3u/ax by its free-stream value 
due/dx and combining the other approximations gives 

1 9  
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due 
22ve - ax 

TW 

Pe 

X" 
- 

Although the constant 22 is somewhat arbitrary, the 
essential feature is the dependence of x on the group 

due 
ax 

Y e  - 

Pe 

The variation of x along the nozzle is shown in Fig. 19 
at T ,  = 1500"R for the range of stagnation pressures 
from 45 to 254 psia. With decreasing stagnation pressure, 
the increasing values of x indicate the predicted reduced 
net production of turbulent kinetic energy. At the lowest 
stagnation pressure, x attains a maximum value of 0.14. 
Actually, for the low stagnation pressures, the values of 
x should exceed those shown, since the low heat transfer 
implies that the wall shear is below the predicted value. 
The variation of x along the nozzle displays the same 
trend of being largest in the convergent section before 
diminishing through the throat and divergent section as 
the heat-transfer data at the low stagnation pressures 
which depart from those typical of a turbulent boundary 

-,o = I50O0 R 
B-in. COOLED APPROACH L E N G T H  

/ THROAT z / L  = 0.603 

0 .? 0.8 0.9 

A X I A L  DISTANCE RATIO 

Fig. 19. Predicted effect of flow acceleration in reducing net production of turbulent kinetic energy at 
different stagnation pressures 
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layer observed in Fig. 12. The values of x indicate when 
the turbulent shear stress n, which is related to the 
turbulent kinetic energy, is expected to be lower than 

that typical of a fully turbulent boundary layer. The 
transport of heat would also be reduced, since it depends 
on the level of turbulent transport. 

IX. CONCLUSIONS 

Experimental convective heat-transfer results have onedimensional flow amounted to as much as 15% 
been presented for a turbulent boundary-layer flow just downstream of the throat. 
through a cooled convergent-divergent nozzle. The scope 
of the investigation covered a wide range of stagnation 
pressures and temperatures as well as nozzle-inlet 
boundary-layer thicknesses. The experimental results 
indicated the following: 

1. Heat-transfer coefficients increased with increasing 
stagnation pressure as a result of the larger mass 
fluxes, but only at stagnation pressures above about 
75 psia were values typical of a turbulent boundary 
layer. 

2. At low stagnation pressures, the heat-transfer coef- 
ficients were below that typical of a turbulent 
boundary layer even though the boundary layers 
at the nozzle inlet were turbulent. 

3. The effect of stagnation temperature on heat trans- 
fer was less clear, with the trends dependent on 
stagnation pressure. 

4. Heat-transfer coefficients were about 10% higher 
throughout the nozzle with the thinnest boundary 
layer at the nozzle inlet ( 6 / R  = 0.05) than with the 
thickest inlet boundary layer ( 6 / R  = 0.25). 

5. The heat-transfer coefficient is a maximum up- 
stream of the throat, where the mass flux, deduced 
from wall static pressure measurements, is largest. 
Deviations of the mass flux from that predicted for 

6. A substantial decrease in heat transfer existed down- 
stream of the point of flow separation. Flow separa- 
tion in the divergent portion of the nozzle occurred 
at the low stagnation pressures. 

Various heat-transfer predictions were compared to the 
data. Fair agreement at the higher stagnation pressures is 
provided by a modification of the turbulent boundary- 
layer analysis of Ref. 15, in whch the Stanton number is 
taken dependent on a Reynolds number based on a thick- 
ness characteristic of the thermal boundary layer. In this 
prediction, properties were evaluated as in Ref. 11. For 
the low stagnation pressures, where the turbulent bound- 
ary layer is thought to have undergone partial transition 
toward a laminar one, a parameter is found which is a 
measure of the importance of flow acceleration in reduc 
ing the transport of heat below that typical of a fully 
turbulent boundary layer. 

More work is needed to gain some experimental knowl- 
edge of the flow and thermal boundary layers within a 
convergent-divergent nozzle and of the extent to which 
these are predictable by an analysis such as that of Ref. 
11. To obtain this information, a conical nozzle of lO-deg 
half-angles of convergence and divergence has been con- 
structed. This nozzle, which will be tested in the near 
future, is instrumented with boundary-layer probes and 
incorporates the calorimetric technique to obtain heat- 
transfer measurements. 

2 1  
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NOMENCLATURE 

a speed of sound 

A local nozzle cross-sectional area 

A' nozzle-throat area 

c* characteristic velocity of poXgc/h 

C I  

c; 

local wall friction coefficient, ~ , / 2  = Tw/peUe* 

coefficient analogous to skin-friction coefficient, with momentum 
thickness dependence replaced by energy thickness 

c, specific heat at constant pressure 

D nozzle diameter 

D' nozzle-throat diameter 

g, gravitational constant 

h convective heat-transfer coefficient 

k thermal conductivity 

I cooled approach length 

L axial length of nozzle = 5.925 in. 

m mass flow rate 

M Mach number 

p static pressure 

p ,  stagnation pressure 

PT Prandtl number 

qw wall heat flux 

q2 /2  turbulent kinetic energy 

r nozzle radius 

r* nozzle-throat radius 

r, nozzle-throat radius of curvature 

R nozzle-inlet radius = 2.53 in. 

ReD Reynolds number based on nozzle diameter, peUeD/PLc 

S t  Stanton number, h/peUeCpe 

T temperature 

u velocity component in x-direction 

u+ dimensionless velocity, u / .  

tl velocity component normal to wall 

x distance along wall in flow direction 
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NOMENCLATURE (Cont'd) 

Y 

Y+ 

z 

Y 
8 

a t  

6' 

e 

P 

V 

P 

U 

r w  

+ 
X 

Subscripts 

a 

aw 

b 

e 

f 

i r  i 

0 

t 

W 

1 

distance normal to wall 

-4 pe dimensionless distance, - 
Ye 

axial distance from nozzle inlet 

specific-heat ratio 

velocity boundary-layer thickness 

stagnation-temperature boundary-layer thickness 

dqlacement thickness 

momentum thickness 

viscosity 

kinematic viscosity 

density 

dimensionless property correction factor (defined in Ref. 22) 

wall shear stress 

energy thickness 

parameter 

condition at radius which is less than r b  

adiabatic wall condition 

condition at radius which is greater than r, 

condition at free-stream edge of boundary layer 

property evaluated at film temperature, TI = (T, + Te)/2 

components in Cartesian coordinates 

upstream reservoir condition 

stagnation condition 

wall condition 

one-dimensional flow value 

Superscripts 

' fluctuating component 
_. 

time average 
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APPENDIX A 

Construction and Calibration of Thermocouple Plugs 

The thermocouples embedded in the 0.25-in.-diameter 
plugs were formed by welding the exposed ends of 
O.OOFi-in.-diameter fiberglass-insulated chromel and alu- 
me1 wires to the bottoms of opposing radial holes, as 
shown in Fig. 3. The wires were injected into these holes 
by using a spring-loaded jig, and the junction weld was 
made on contact between the wire and the plug. The 
chromel and the alumel junctions were separated by 
approximately 0.0055 in. of plug material. The wires were 
then cemented into the grooves in the sides of the plugs 
with Technical G Copper Cement and calibrated. A fin- 
ished plug is shown in Fig. A-1. 

To provide good contact between surfaces when the 
plugs were pressed into the nozzle, both the surfaces of 
the plugs and the holes were finished to roughnesses less 
than 16 pin. An interference fit of 0.0005 in. between the 
plug and nozzle hole diameters was used. After the plugs 
were pressed into position flush with the outer surface 
of the nozzle, the inner ends were machined to match 
the contour of the nozzle. The locations at which the 
wires protruded from the outer ends of the plugs were 
sealed with Technical G Copper Cement, and a coat of 
Echo Bond 56-C conductive cement was applied over the 
plug and extended over the nozzle to exclude any possi- 
bility of water seepage into the plugs. The nozzle, after 
installation of plugs, is shown in Fig. A-2. 

Fig. A-1. Thermocouple plug 

Fig. A-2. Nozzle after installation of thermocouple plugs 

For the calculation of the wall heat flux from Eq. (l), 
it is necessary to know precisely the distance between 
thermocouple weld junctions. Since the radial holes in 
the plugs were about three times the diameter of the bare 
end of the thermocouple wire, the exact location of the 
weld junction could not be obtained by physical meas- 
urement; thus, a Kelvin bridge circuit electrical calibrat- 
ing technique was used as shown in Fig. A-3. This 
calibration was performed before the plugs were installed 
in the nozzle. A rod having the same diameter as a plug 
and of known electrical resistance R, was connected to 
variable resistors R b  and Rd by wires with known resist- 
ances R, and R,. The plug with the thermocouples which 
were to be measured was held coaxially against one end 
of the rod. The contact resistance between rod and plug 
is represented by Ry. A thermocouple wire of unknown 
resistance R, leading to one of the junctions was con- 
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Fig. A-3. Kelvin bridge circuit used to determine 
thermocouple locations 

nected to a variable resistor R ,  and a galvanometer G. 
A thermocouple wire of the same material leading from 
another junction within the plug and represented by the 
unknown resistance R, was connected to another variable 
resistor Ra, which was in turn connected to Rb and the 
other side of G. The resistance R, represents the resist- 
ance of the plug between the junction wires R ,  and R,. 
The circuit assembly was completed with a battery E and 
a switch K. For the branch circuits with no current pass- 
ing through G, Kirchkoffs second law may be applied, 
and the following equations may be written: 

Zz ( R ,  + Rc + RD + Rd) = (I - 1 2 )  R,  (A-3) 

For I, = 0, 

and the simultaneous solution of the above equations 
(A-1-A-4) yields 

R, = RR 

Therefore, by proper adjus ment of the res& _mces of the 
decade boxes such that I, = 0, R, is independent of the 
unknown contact resistance R,. Actually, it was not pos- 
sible to make I, exactly zero because of the limited sensi- 
tivity of the galvanometer; hence, R, was made small in 
comparison to R,. Incorporating the following equations 
using the electrical resistivity p, 

p E  1, 
A, 

R, = - 

(-4-7) 

where 1, is the known length of the rod. Since the diam- 
eters of the rod and plug are identical, A, = AE, the 
solution of Eqs. (A5), (A-6), and (A-7) yields 

Equation (A-8) was used to determine the distance 
between the junctions formed by two wires of the same 
thermocouple material. The arithmetic average of dis- 
tances between junctions formed by corresponding alu- 
me1 and chrome1 wires was then used as the distance 
between two thermocouple junctions. 

The distance between the nozzle gas-side wall and the 
inner thermocouple weld junction needed to calculate 
the wall temperature, however, could not be determined 
by the electrical technique and, consequently, had to be 
measured physically. The distance from the radial holes 
in which the inner thermocouple was welded to the inner 
surface of the plug was measured before injection of the 
wires. The length of the plug after installation and ma- 
chining then made possible a simple calculation of the 
distance from wall to inner thermocouple with the as- 
sumption that the thermocouple wires were located on 
the centerlines of the holes. 
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The estimated maximum total error that could have 
occurred in reported experimental values of heat-transfer 
coefficient in the throat region at the higher stagnation 
pressures and temperatures is approximately +-S%. This 
error results from a t l %  error due to thermocouple 
locations determined by the Kelvin bridge measurements, 
a A 1% % error from inaccuracies in measurement of the 
temperatures within the nozzle wall, a +-5% uncertainty 
in the difference between stagnation temperature and 

gas-side walls temperature, and a A % % error from addi- 
tional miscellaneous sources. Under conditions for which 
the temperature differences between adjacent thermo- 
couples were the smallest such as at low stagnation pres- 
sure and temperature near the nozzle inlet, the maximum 
total error could have been as much as +-21%. It should 
be noted, however, that these are considered to be maxi- 
mum errors and that the accuracy of the reported results 
is probably much better. 

APPENDIX B 

Tabulated Data 

Table B-1 presents the ranges of operating conditions 
in terms of stagnation pressure p , ,  stagnation tempera- 
ture T,, ,  and upstream cooled approach length 1, for 
which wall static pressure and heat-transfer data tabu- 
lated in Tables B-2 and B-3, respectively, were obtained. 

In Table B-2, experimental values of the wall static-to- 
stagnation pressure ratio p / p t  are tabulated as a function 
of both the nozzle axial distance-to-length ratio d L  and 
the nozzle-area to throat-area ratio A / K  for a range of 

stagnation pressures from 45 to 150 psia. As mentioned 
previously, measurements at higher stagnation pressures 
were not obtained, because of manometer limitations. 
The symbol f denotes that flow separation existed at the 
indicated locations. 

In Table B-3, a typical test entry includes cooled ap- 
proach length I ,  stagnation pressure p t ,  stagnation tem- 
perature Tto ,  mass flow rate m, and thicknesses 6 ,  6*, and 
+ at a location 1.25 in. upstream of the nozzle inlet. 
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Shown for each test are the experimental wall heat flux 
q,, and temperature T,, along with the calculated heat- 
transfer coefficient h. The free-stream static temperature 
T ,  and mass flux peue at the edge of the boundary layer 
were calculated from the experimental static-to-stagnation 
pressure ratio p / p t  for isentropic flow (y = const.) at the 
corresponding stagnation temperature value of y for 
the products of combustion. For stagnation pressures 
above 150 psia and those few tests in Table B-2 for 
which pressure data were not obtained, values of p / p t  
from tests below 150 psia were used, since p / p ,  was 
found to be nearly invariant with stagnation pressure ex- 
cept in separated flow regions. Also included for each test 
are values of the Reynolds number per inch ( peue)/pe and 
the Stanton number h/pcuecPe. Since the methanol-to-air 
weight flow rate was small, the products of combustion 
could be treated approximately as air in the evaluation 
of viscosity, specific heat, and Prandtl number; these 
properties were obtained from Ref. 12. 

18 

In the separation region, only the directly measured 
wall heat fluxes and wall temperatures are shown in 
Table B-3. The heat transfer coefficients shown in Figs. 
11 and 15 at a stagnation pressure of 45 psia were calcu- 
lated in the separation region from 

In this region the stagnation temperature T t o  was used in 
computing h rather than the unknown adiabatic wall 
temperature Tarn. 

Many of the tests tabulated were duplicated and found 
to be reproducible. These duplicate tests, however, are 
not included in the tabulations except at p t  = 254 psia 
and T f o  = 1513"R, for which both tests 275 and 278 are 
shown. 

Table El. Summary of tabulated tests, which appear in Tables 8-2 and E3 in the order shown 

Test 

319 
318 
315 
317 
316 
314 
312 
313 

242 
245 
246 

237 
235 
234 

300 
301 
303 
304 
305 
306 
308 
309 

P: 
psi0 

35.9 
51 .O 

74.6 
101.0 
124.4 
151.7 
179.7 
201.7 

45.0 
60.2 
75.2 

45.2 
60.2 
75.2 

30.0 
45.1 
75.2 
100.8 
125.6 
150.6 
175.8 
201.7 

~ 

rt. 
"R 

1508 

1509 

1516 
1510 
1505 
1506 
1467 
1517 

1490 
1513 
ls00 

1531 
1545 
1527 

1039 
1035 
1024 
1036 
1032 
1028 
1035 
1029 

I 
in. Test 

310 
31 1 

288 
287 
266 
281 
280 
263 
262 
269 
267 
268 
271 
273 
277 
278 
275 

293 
294 
290 
296 
298 

226.7 
253.7 

30.1 
40.2 
44.8 
50.1 
55.1 
60.2 
75.2 
100.2 
134.8 
150.6 
175.0 
201.0 
225.7 
250.7 
253.7 

30.0 
49.9 
75.2 
101.2 
125.8 

rt. 
OR 

1032 
1030 

1511 
1508 

1503 
1514 
1501 
1536 
1518 
151 1 
1501 
1484 
1483 
1507 
1508 
1517 
1513 

2001 
2000 
1989 
2001 
2007 

I 
in. 

29 
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Table B-2. Tabulation of static pressure data - 
Axial 

listonce 
ratio 
4 1  

- 
Area 
ratio 

A/A*  

Stotic-to-stognation pressure p/pt for indicated test' 

Pressure 
tap 

number 
235 

pt=60.2 
'*o=1541 

319 

= 1508 
D t  =35.9 

318 
pt=51.0 
',,=1509 

315 
pt-74.6 
to=1516 

31 7 

t,=1510 
pt = 101 .o 

316 
it = 124.4 
.=1505 

314 
p t  = 151.7 
,,=1506 

242 
pI ~ 4 5 . 0  

= 1490 

237 

= 1531 
pt ~ 4 5 . 2  

-- 
-- 
-- 
0.979 

0.961 

0.912 

0.904 

0.788 

0.732 

0.652 

0.51 1 

0.463 

0.347 

0.207 

0.198 

0.189 

0.176 

0.168 

0.166 

0.155 

0.206t 

0.291 

0.283 

0.294 

0.298 

0.295 

0.300 

0.301 

0.301 

0.304 

0.306 

0.307 

245 

,,=1513 
pt=60.2 

246 
pt  =75.2 
rlO=i5w 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

0.107 

0.222 

0.3396 

0.3401 

0.395 

0.455 

0.460 

0.506 

0.529 

0.554 

0.587 

0.601 8 

0.642 

0.691 

0.706 

0.722 

0.741 

0.753 

0.771 

0.789 

0.802 

0.819 

0.838 

0.852 

0.869 

0.887 

0.900 

0.921 

0.932 

0.949 

0.965 

0.985 

0.997 

0.991 

0.976 

0.977 

0.957 

0.908 

0.899 

0.787 

0.727 

0.643 

0.508 

0.452 

0.338 

0.202 

0.194 

0.209 

0.172 

0.162 

0.154 

0.138 

0.129 

0.124 

0.1 19 

0.1 12 

0.118' 

0.148 

0.2 15 

0.220 

0.217 

0.230 

0.229 

0.229 

0,997 

0.991 

0.977 

0.977 

0.958 

0.909 

0.901 

0.789 

0.730 

0.647 

0.512 

0.453 

0.345 

0.21 1 

0.202 

0.193 

0.180 

0.171 

0.163 

0.147 

0.138 

0.133 

0.129 

0.120 

0.105 

0.099 

0.103 

0.085 

0.082 

0.078 

0.070 

0.077; 

0.997 

0.991 

0.977 

0.977 

0.958 

0.908 

0.901 

0.789 

0.728 

0.644 

0.508 

0.455 

0.339 

0.207 

0.200 
-- 
0.175 

0.166 

0.159 

0.142 

0.134 

0.128 

0.125 

0.1 15 

0.107 

0.100 

0.100 

0.087 

0.084 

0.080 

0.072 

0.068 

0.997 

0.991 

0.977 

0.977 

0.958 

0.908 

0.900 

0.788 

0.728 

0.644 

0.508 

0.453 

0.321 

0.207 

0.200 

0.168 

0.176 

0.166 

0.159 

0.142 

0.134 

0.128 

0.124 

0.115 

0.106 

0.100 

0.097 

0.087 

0.084 

0.079 

0.072 

0.068 

0.997 

0.991 

0.978 

0.978 

0.960 

0.91 1 

0.905 

0.792 

0.732 

0.653 

0.512 

0.453 

0.347 

0.202 

0.195 

0.185 

0.173 

0.164 

0.157 

0.147 

0.2691 

0.288 

0.296 

0.302 

0.301 

0.304 

0.304 

0.305 

0.307 

0.306 

0.308 

0.309 

0.997 

0.991 

0.978 

0.979 

0.958 

0.910 

0.902 

0.789 

0.730 

0.650 

0.510 

0.453 

0.344 

0.207 

0.199 

0.188 

0.176 

0.168 

0.159 

0.145 

0.145 

0.129 

0.126 

0.116 

0.108 

0.100 

0.094 

0.087 

0.083 

0.083t 

0.176 

0.183 

0.996 

0.990 

0.977 

0.977 

0.958 

0.910 

0.901 

0.790 

0.730 

0.650 

0.507 

0.454 

0.345 

0.205 

0.197 

0.188 

0.176 

0.166 

0.156 

0.143 

0.143 

0.128 

0.124 

0.123 

0.115 

0.1651 

0.212 

0.226 

0.228 

0.230 

0.232 

0.234 

7.001 

4.691 

2.939 

2.924 

2.255 

1.631 

1.56 1 

1.235 

1.135 

1.054 

1.0078 

1.001 2 

1.028 

1.176 

1.231 

1.297 

1.372 

1.423 

1.505 

1.582 

1.642 

1.716 

1.815 

1.866 

1.960 

2.049 

2.112 

2.210 

2.283 

2.379 

2.471 

2.574 

-- 
-- 
-- 

0.979 

0.960 

0.91 2 

0.903 

0.788 

0.734 

0.650 

-- 
0.463 

0.348 

0.209 

0.200 

0.191 

0.178 

0.169 

0.158 

0.145 

0.137 

0.128 

0.125 

0.116 

0.107 

0.122t 

0.194 

0.222 

0.225 

0.228 

0.230 

0.231 

OStognotion pressure p t  i n  psio; rtognotion temperoture TI, i n  O R .  

t F l o w  separation occurred at  this locotion. 
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Table 5 2  (continued). 

Pressuro 
tap  

number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

- 
Axial 

distance 
ratio 

0.107 

0.222 

0.3396 

0.3401 

0.395 

0.455 

0.460 

0.506 

0.529 

0.554 

0.587 

0.601 8 

0.642 

0.691 

0.706 

0.722 

0.741 

0.753 

0.771 

0.789 

0.802 

0.819 

0.838 

0.852 

0.869 

0.887 

0.900 

0.921 

0.932 

0.949 

0.965 

0.985 

7.001 

4.691 

2.939 

2.924 

2.255 

1.631 

1.561 

1.235 

1.135 

1.054 

1.0078 

1.0012 

1.028 

1.176 

1.231 

1.297 

1.372 

1.423 

1.505 

1.582 

1.642 

1.716 

1.815 

1.866 

1.960 

2.049 

2.112 

2.210 

2.283 

2.379 

2.471 

2.574 

234 
1,=75.2 
.=1527 

- 
- 
- 

0.979 

0.960 

0.912 

0.903 

0.788 

0.732 

0.652 

0.51 1 

0.463 

0.347 

0.21 1 

0.201 

0.189 

0.179 

0.169 

0.160 

0.146 

0.138 

0.130 

0.126 

0.117 

0.108 

0.101 

0.096 

0.088 

0.084 

0.081 

0.1681 

0.189 

so0 
,,=30.0 
,,=lo39 

0.995 

0.990 

0.975 

0.975 

0.955 

0.904 

0.899 

0.787 

0.725 

0.639 

0.502 

0.446 
0.341 

0.281 

0.409 
0.359 

0.335 

0.429 

0.390 

0.367 

0.435 

0.421 

0.398 

0.432 

0.436 

0.427 

0.443 

0.441 

0.433 

0.443 

0.443 

0.436 

301 
D t  =45.1 
,,=lOJs 

0.996 

0.991 

0.976 

0.976 

0.956 

0.907 

0.898 

0.786 

0.724 

0.638 

0.501 

0.448 
0.341 

0.200 

0.192 

0.188 

0.169 

0.159 

0.152 

0.217; 

0.277 

0.286 

0.284 

0.292 

0.294 

0.292 

0.298 

0.298 

0.297 

0.300 

0.301 

0.301 

Static-to-stagnation pressure p/p t  for indicated test' 

503 
1,=75.2 
,,=lo14 

0.996 

0.991 

0.977 

0.976 

0.957 

0.906 

0.900 

0.786 

0.724 

0.642 

0.502 

0.452 

0.341 

0.203 

0.195 

0.184 

0.172 

0.162 

0.155 

0.139 

0.129 

0.124 

0.121 

0.113 

0.103 

0.097 

0.105 

0.083 

0.085' 

0.173 

0.174 

0.178 

304 
mt = 100.8 
ro=1036 

0.996 

0.991 

0.977 

0.976 

0.956 

0.906 

0.898 

0.785 

0.723 

0.640 

0.499 

0.451 

0.334 

0.203 

0.195 

0.179 

0.171 

0.162 

0.1 55 

0.139 

0.129 

0.124 

0.1 20 

0.1 13 

0.104 

0.098 

0.099 

0.084 

0.08 1 

0.077 

0.071 

0.067 

305 
1,=125.6 
,,=lo32 

306 
I, =1%.6 
,,=lo28 

0.997 

0.991 

0.977 

0.976 

0.957 

0.907 

0.898 

0.784 

0.723 

0.640 

0.500 

0.451 

0.312 

0.203 

0.195 

0.179 

0.172 

0.163 

0.157 

0.140 

0.132 

0.125 

0.121 

0.1 14 

0.105 

0.098 

0.092 

0.085 

0.082 

0.078 

0.073 

0.069 

- 
288 

1,=30.1 
.=1511 

0.996 

0.991 

0.976 

0.976 

0.957 

0.907 

0.899 

0.787 

0.727 

0.643 

- 

0.503 

0.449 

0.337 

0.2441 

0.374 

0.368 

0.303 

0.405 

0.420 

0.366 

0.423 

0.446 
0.410 

0.443 
0.455 

0.445 

0.448 

0.452 

0.473 

0.452 

0.453 

0.448 

287 
p,=40.2 
,,=1508 

0.996 

0.991 

0.977 

0.977 

0.958 

0.908 

0.899 

0.788 

0.730 

0.645 

0.506 

0.453 

0.340 

0.201 

0.195 

0.186 

0.175 

0.169 

0.2257 

0.240 

0.289 

0.316 

0.289 

0.305 

0.326 

0.306 

0.3 17 

0.322 

0.318 

0.328 

0.333 

0.331 

266 
1, =U.6 
,,=1503 

0.996 

0.99 1 

0.976 

0.976 

0.958 

0.907 

0.899 

0.791 

0.731 

0.650 

0.508 

0.454 

0.344 

0.204 

0.1 96 

0.186 

0.173 

0.164 

0.158 

0.142 

0.218t 

0.280 

0.293 

0.291 

0.296 

0.299 

0.298 

0.300 

0.296 

0.309 

0.302 

0.304 

281 
1,=50.1 
lo=1514 

D.995 

D.991 

0.976 

D.976 

0.957 

0.908 

0.900 

0.788 

0.729 

0.647 

0.507 

0.455 

0.340 

0.204 

0.197 

0.187 

0.173 

0.171 

0.157 

0.145 

0.139 

0.129 

0.219f 

0.256 

0.258 

0.259 

0.264 

0.263 

0.264 

0.267 

0.267 

0.268 

*Stagnation pressure p t  in psia; stagnation temperature T t o  in O R .  

$Flow seporolion occurred at this location. 
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Pressure 
tap 

number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

Axial 
distance 

ratio 
z/L 

0.107 

0.222 

0.3396 

0.3401 

0.395 

0.455 

0.460 

0.506 

0.529 

0.554 

0.587 

0.601 8 

0.642 

0.691 

0.706 

0.722 

0.741 

0.753 

0.771 

0.789 

0.802 

0.8 19 

0.838 

0.852 

0.869 

0.887 

0.900 

0.92 1 

0.932 

0.949 

0.965 

0.985 

- 
Area 
ratio 
A/A' 

7.001 

4.691 

2.939 

2.924 

2.255 

1.631 

1.561 

1.235 

1.135 

1.054 

1.0078 

1.001 2 

1.028 

1.176 

1.23 1 

1.297 

1.372 

1.423 

1.505 

1.582 

1.642 

1.716 

1.815 

1.866 

1.960 

2.049 

2.112 

2.210 

2.283 

2.379 

2.471 

2.574 

Table B-2 (concluded). 

280 
, =55.1 
@=1501 

-- 
0.991 

0.976 

0.976 

0.961 

0.908 

0.900 

0.789 

0.730 

0.646 

0.507 

0.454 

0.341 

0.205 

0.198 

0.188 

0.174 

0.171 

0.158 

0.145 

0.138 

0.129 

0.123 

0.191t 

0.205 

0.236 

0.236 

0.237 

0.241 

0.242 

0.243 

0.244 

263 
at=M).2 
to=1536 

0.996 

0.991 

0.977 

0.977 

0.957 

0.908 

0.900 

0.788 

0.728 

0.637 

0.504 

0.459 
-- 

0.206 

0.198 

0.188 

0.175 

0.166 

0.157 

0.142 

0.134 

0.127 

0.122 

0.1 14 

0.105 

0.116 

0.193 

0.2 17 

0.218 

0.230 

0.223 

0.225 

262 

,o=1518 

0.996 

0.991 

0.977 

0.977 

0.958 

0.910 

0.901 

0.789 

0.731 

0.638 

a, r75.2 

0.508 

0.466 

0.345 

0.21 1 

0.203 

0.194 

0.180 

0.171 
-- 

0.148 

0.140 

0.133 

0.129 

0.120 

0.1 1 1  

0.105 

0.099 

0.092 

0.089 

0.178 

0.166 

0.179 

Static-to-stognatian pressure p/pt for indicated test' 

269 

,@=1511 

0.996 

0.991 

0.977 

0.977 

0.958 

0.908 

0.900 

0.788 

0.729 

0.645 

,,=100.1 

0.506 

0.460 
-- 

0.207 

0.199 

0.189 

0.176 

0.167 

0.158 

0.144 

0.134 

0.129 

0.124 

0.116 

0.107 

0.100 

0.095 

0.087 

0.083 
-- 

0.074 

0.067 

267 

t o  = 1501 
a = 134.8 

0.996 

0.991 

0.977 

0.977 

0.957 

0.908 

0.899 

0.788 

0.728 

0.648 

0.504 

0.461 

0.31 1 

0.207 

0.199 

0.190 

0.176 

0.167 

0.159 

0.144 

0.136 

0.128 

0.124 

0.1 16 

0.107 

0.100 

0.095 

0.088 

0.083 
-- 

0.073 

0.069 

268 

,,=1484 

0.997 

0.991 

0.977 

0.977 

0.958 

0.908 

0.900 

0.788 

0.728 

0.647 

@,=150.6 

0.505 

0.461 

0.323 

0.207 

0.199 

0.190 

0.176 

0.167 

0.159 

0.145 

0.132 

0.128 

0.124 

0.116 

0.108 

0.101 

0.095 

0.088 

0.083 
-- 

0.074 

0.069 

293 
1,=30.0 
.=2001 

0.997 

0.992 

0.977 

0.977 

0.958 

0.909 

0.901 

0.791 

0.731 

0.644 

0.51 1 

0.460 

0.351 

0.371 t 
0.331 

0.407 

0.407 

0.381 

0.425 

0.419 

0.407 

0.432 

0.425 

0.431 

0.443 

0.434 

0.441 

0.441 

0.439 

0.447 

0.449 

0.444 

294 
p t  =49.9 
to=2000 

0.996 

0.991 

0.977 

0.977 

0.957 

0.909 

0.901 

0.795 

0.735 

0.648 

0.51 5 

0.463 

0.347 

0.210 

0.202 

0.193 

0.180 

0.170 

0.162 

0.145 

0.136 

0.135t 

0.138 

0.130 

0.229 

0.236 

0.249 

0.249 

0.249 

0.257 

0.260 

0.262 

290 

' t o  = 1989 
pt=75.2 

0.997 

0.991 

0.977 

0.977 

0.958 

0.909 

0.900 

0.791 

0.732 

0.649 

0.514 

0.464 

0.348 

0.2 14 

0.204 

0.189 

0.181 

0.172 

0.162 

0.146 

0.138 

0.133 

0.129 

0.118 

0.120 

0.102 

0.099 

0.089 

0.086 

0.083 

0.08 1 

0.166t 

296 
pt = 101.2 
',,=2001 

0.996 

0.991 

0.977 

0.977 

0.958 

0.909 

0.901 

0.792 

0.732 

0.647 

0.51 3 

0.465 

0.350 

0.215 

0.207 

0.193 

0.183 

0.174 

0.165 

0.148 

0.139 

0.135 

0.131 

0.121 

0.1 12 

0.104 

0.100 

0.090 

0.088 

0.084 

0.077 

0.072 

298 
#,=125.8 
,,=2007 

0.997 

0.992 

0.978 

0.977 

0.958 

0.91 0 

0.901 

0.791 

0.732 

0.649 

0.513 

0.465 

0.324 

0.215 

0.207 

0.190 

0.182 

0.173 

0.165 

0.149 

0.139 

0.134 

0.130 

0.121 

0.111 

0.103 

0.099 

0.090 

0.087 

0.083 

0.077 

0.072 

aStagnotion pressure p t  i n  psio; stagnation temperature T t ,  in O R .  

?Flow separation occurred ot this location. 
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690 - 
665 - 
663 
658 
665 
669 - 
650 
645 
631 
619 
625 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

1507 
1 505 
1502 
1499 
1 492 
1480 
1460 
1412 
1370 
1300 
1230 
1155 
1080 
995 

Table 53. Tabulation of heat-transfer data 

I I 

0.0773 

0.061 9 

0.0792 
0.0858 
0.091 1 
0.0989 

0.0885 
0.0787 
0.0657 
0.0532 
0.0555 
0.0463 
0.071 5 
0.0644 
0.0596 
0.0297 
0.0530 
0.0905 
0.0819 

- 

- 

Pe"e h h 
BTU sr = - 

sec in? OF 

Test 319. (I = 0 in., p t  = 35.9 pria, T,,  = 1508°R, = 1.212 Ib/sac. e = -in., 6" = -in., @ = -in.) 

0.945 X lo4 

0.735 

0.940 
1.01 
1.09 
1.19 

1 .w 
0.944 
0.782 
0.632 
0.672 

- 
- 

- 

i 

0.0639 
0.0854 
0.110 
0.142 
0.182 
0.233 
0.303 
0.391 
0.428 
0.455 
0.452 
0.425 
0.391 
0.333 

i 

0.279 X 10' 
0.400 
0.536 
0.694 
0.884 
1.14 
1.49 
1.94 
2.19 
2.38 
2.44 
2.39 
2.26 
2.07 

i 

5.66 x lo-. - 
2.58 

1.85 
1.67 
1.39 
1.18 

0.899 
0.816 
0.728 
0.647 
0.819 

- 

- 

1 
Tort 318. ( I  = 0 in., p t  = 51.0 psio, T t ,  = 15OP'R. h = 1.720 Ib/sec, t9 = -in., 6' = -in., # = -in.) 

0.0884 

0.0745 

0.0918 
0.104 
0.117 
0.121 

0.117 
0.143 
0.0971 
0.0757 
0.0992 
0.0956 
0.101 
0.0875 
0.0762 
0.0755 
0.110 
0.071 1 
0.0453 

- 

- 

- 

709 

687 
- 

686 
686 
702 
710 

693 
718 
678 
660 
686 
68 1 
671 
69 1 
654 
650 
665 
642 
603 

- 

1508 
1505 
1503 
1500 
1492 
1480 
1460 
1412 
1370 
1300 
1230 
1155 
1080 
995 
975 
945 
905 
870 

i 

1.11 x io-' - 
0.906 

1.12 
1.27 
1.47 
1.53 

1.47 
1.87 
1.22 
0.943 
1.29 
1.25 
1.32 
1.18 
0.986 

- 

i 

0.0903 
0.122 
0.156 
0.201 
0.259 
0.331 
0.431 
0.556 
0.615 
0.646 
0.642 
0.604 
0.556 
0.472 
0.458 
0.430 
0.396 
0.361 

i 

0.395 X le 
0.568 
0.762 
0.986 
1.25 
1.62 
2.12 
2.75 
3.1 1 
3.39 
3.48 
3.40 
3.21 
2.95 
2.89 
2.78 
2.67 
2.51 

i 

4.68 X lo-' - 
2.23 

1.55 
1.48 
1.32 
1.06 

0.879 
1.14 
0.801 
0.679 
1.11 
1.11 
1.24 
1.22 

- 

- 

i 
fFlow seporotion existed ot this locotion. 
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qw 
BTU/rec in? Z/L 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

Pe"e PeUe h h 
st = - 

PeUeCpe 

- 
Be 

sec in? O F  rec in? in:' 

'a0 ' e  BTU Ib 
O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.51 2 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.110 

0.0995 

0.131 
0.164 
0.200 
0.213 

0.252 
0.235 
0.221 
0.189 
0.197 
0.191 
0.187 
0.157 
0.159 
0.142 
0.170 
0.115 
0.125 

-- 
-- 

- 

74 1 - 
729 

747 
767 
825 
842 

868 
86 1 
849 
826 
818 
807 
778 
777 
755 
757 
740 
720 
682 

- 

-- 

1.42 X 
-- 
1.26 

1.71 
2.20 
2.93 
3.21 
-- 
4.03 
3.76 
3.52 
2.94 
3.07 
2.95 
2.79 
2.36 
2.35 
2.1 1 
2.46 
1.64 

-- 

1.70 1 

1515 
1514 
1510 
1505 
1501 
1489 
1466 
1420 
1370 
1302 
1236 
1155 
1080 
1005 
988 
960 
930 
885 
850 
850 
81 5 
792 

0.125 
0.174 
0.229 
0.299 
0.389 
0.504 
0.643 
0.844 
0.924 
0.962 
0.970 
0.910 
0.820 
0.722 
0.702 
0.660 
0.622 
0.566 
0.521 
0.521 
0.465 
0.424 

0.549 X lo5 4.33 X 10.' 
0.824 
1.10 
1.43 
1.86 
2.41 
3.16 
4.07 
4.64 
5.04 
5.20 
5.1 1 
4.85 
4.47 
4.38 
4.24 
4.07 
3.83 
3.59 
3.59 
3.34 
3.08 

-- 
2.11 

1.58 
1.69 
1.76 
1.47 

1.62 
1.52 
1.53 
1.44 
1.72 
1.71 
1.67 
1.55 
1.70 
1.67 
1.94 
1.46 

-- 

-- 

0.123 

0.124 
0.181 
0.186 
0.237 
0.262 
0.302 

0.312 
0.271 
0.271 
0.240 
0.2 18 
0.227 
0.221 
0.184 
0.188 
0.171 
0.200 
0.135 
0.156 

-- 

-- 

lest 317. (I  = 0 in., pt = 101.0 psia, T,, = 1510'R. = 3.419 Ib/rec, e = 0.013 in., 8" = 0.019 in., 

783 

777 
852 
836 
874 
929 
956 

968 
94 1 
927 
903 
876 
866 
83 1 
831 
802 
807 
787 
761 
719 

-- 

-- 

1.69 x io-' - 
1.69 
2.75 
2.76 
3.75 
4.56 
5.56 

6.01 
5.02 
4.96 
4.29 
3.76 
3.90 
3.62 
3.05 
3.00 
2.78 
3.15 
2.05 

-- 

2.26 t 

1509 
1507 
1504 
1501 
1494 
1480 
1460 
1410 
1365 
1300 
1230 
1150 
1070 
1000 
980 
950 
920 
880 
850 
850 
810 
785 

0.174 
0.236 
0.3 12 
0.403 
0.521 
0.666 
0.861 
1.12 
1.23 
1.29 
1.28 
1.21 
1.10 
0.952 
0.916 
0.868 
0.812 
0.743 
0.680 
0.680 
0.61 8 
0.576 

0.736 X 10' 
1.10 
1.47 
1.92 
2.49 
3.21 
4.21 
5.47 
6.22 
6.76 
6.94 
6.82 
6.45 
5.95 
5.80 
5.61 
5.37 
5.05 
4.74 
4.74 
4.46 
4.15 

b 0 in.) 

3.73 x lo-' -- 
2.08 
2.64 
1.90 
2.16 
2.05 
1.91 

1 .BO 
1.54 
1.62 
1.56 
1.60 
1.73 
1.65 
1.53 
1.66 
1.68 
1.90 
1.37 
1.62 

-- 
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qw 1, 
B T U / ~ ~ C  in? O R  

0.133 

0.276 
0.336 
0.385 
0.429 
0.469 

PeUc PeUc h 
51 = - - h 

'e BTU Ib 
O R  P C  

see in.' O F  sec in.' in:' Pcuc=pc 

0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 

2.36 

2.21 
2.08 
2.1 1 
1 .86 
1.67 

1 .57 
1.26 
1.31 
1.39 
1.34 
1.42 
1.43 
1.34 
1.42 
1.48 
1.64 
1.17 
1.46 

- 

- 

0.938 

0.133 
0.204 

7 

0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

2.24 

3.45 
4.64 
5.57 
6.25 
7.40 

7.89 
6.15 
5.93 
5.62 
4.77 
4.82 
4.72 
3.99 
3.86 
3.64 
4.04 
2.64 
3.05 

- 

- 

Table 8-3 (continued). 

1 

0.134 

0.146 
0.192 
0.227 
0.271 
0.284 
0.318 
- 
0.329 
0.273 
0.268 
0.250 
0.233 
0.246 
0.236 
0.199 
0.202 
0.183 
0.218 
0.147 
0.179 

lest 314. 

0.149 
0.153 

0.190 
0.263 
0.299 
0.307 
0.341 

- 

- 
0.352 
0.293 
0.288 
0.277 
0.248 
0.253 
0.262 
0.218 
0.221 
0.205 
0.235 
0.161 
0.199 

805 

820 
902 
894 
925 
969 
992 

992 
962 
94.5 
925 
900 
893 
853 
854 
825 
829 
810 
782 
738 

- 

- 

1504 
1502 
1 499 
1496 
1490 
1480 
1455 
1405 
1360 
1290 
1220 
1140 
1060 
lo00 
980 
950 
920 
875 
840 
840 
815 
785 

1.91 X lo-' 0.222 - 
2.14 
3.19 
3.74 
4.70 
5.36 
6.33 
- 
6.71 
5.32 
5.14 
4.70 
4.26 
4.40 
4.06 
3.45 
3.39 
3.12 
3.59 
2.33 
2.68 

0.298 
0.375 
0.493 
0.653 
0.834 
1.07 
1.41 
1.53 
1 .60  
1 .SI 
1.54 
1.33 
1.18 
1.13 
1.07 
1 .oo 
0.9 17 
0.834 
0.834 
0.764 
0.708 

0.954 X lo" 
1.38 
1.83 
2.38 
3.10 
4.00 
5.24 
6.75 
7.71 
8.41 
8.60 
8.33 
7.88 
7.38 
7.20 
6.96 
6.66 
6.29 
5.90 
5.90 
5.52 
5.14 

3.29 X loJ 

2.19 
2.50 
2.05 
2.17 
1.94 
1.74 

1.63 
1.33 
1.38 
1.42 
1.46 
1.61 
1 .50 
1.41 
1.52 
1 .54 
1.78 
1.26 
1.56 

- 

(1 = 0 in., pt  = 151.7 psia, l,, = 1506'R. = 5.182 Ib/sec, 8 = 0.015 in., S* = 0.022 in., # 0 in.) 

829 
824 

95 1 
936 
965 

loop 
1034 

1036 
loo0 
982 
965 
931 
918 
881 
882 
850 
856 
835 
804 
758 

- 

- 

1505 
1503 
1500 
1498 
1490 
1480 
1455 
1405 
1360 
1290 
1220 
1140 
lodo 
lo00 
980 
950 
920 
875 
840 
840 
815 
785 

0.271 
0.364 
0.457 
0.600 
0.796 
1.02 
1.30 
1.72 
1.86 
1.95 
1.91 
1.79 
1.63 
1.44 
1.38 
1.30 
1.22 
1.12 
1.02 
1.02 
0.932 
0.863 

1.16 X lo" 
1.69 
2.24 
2.90 
3.77 
4.88 
6.39 
8.23 
9.40 

10.3 
10.5 
10.2 
9.60 
8.99 
8.77 
8.48 
8.12 
7.66 
7.19 
7.19 
6.73 
6.26 
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qw Tla Te 
BTU/rec in? O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

PeUe PeUe h 

Pe 
sac in.' O F  sac in.' in.-* 

h 
st = - - 

Pc%=Pe 
BTU Ib - 

Table 8-3 (continued). 

2.00 
2.65 
3.44 
4.47 
5.78 
7.56 
9.75 

11.1 
12.1 
12.4 
12.0 
11.4 
10.6 
10.4 
10.0 
9.62 
9.08 
8.54 
8.54 
7.97 
7.40 

1 

2.39 
2.47 
2.30 
2.1 1 
2.06 
1.75 
1.50 

1.42 
1.18 
1.37 
1.37 
1.27 
1.45 
1.42 
1.35 
1.44 
1.52 
1.57 
1.13 
1.41 

-- 

0.163 
0.166 
0.200 
0.208 
0.265 
0.321 
0.321 
0.352 

0.366 
0.300 
0.318 
0.300 
0.250 
0.276 
0.279 
0.231 
0.238 
0.216 
0.249 
0.183 
0.208 

-- 

T 

858 
859 
908 

1006 
964 

1003 
1041 
1065 

1063 
1026 
1026 
998 
954 
95 1 
907 
904 
873 
883 
861 
828 
782 

-- 

~ 

1466 
1464 
1461 
1458 
1452 
1443 
1418 
1369 
1326 
1257 
1189 
1111 
1033 
975 
955 
926 
897 
853 
819 
819 
794 
765 

2.68 x io-' 
2.73 
3.59 
4.52 
5.29 
6.96 
7.63 
8.99 

9.59 
7.26 
7.85 
7.08 
5.46 
6.06 
5.67 
4.72 
4.64 
4.34 
4.79 
3.34 

-- 

0.321 
0.431 
0.542 
0.712 
0.942 
1.20 
1.54 
2.04 
2.21 
2.31 
2.27 
2.13 
1.93 
1.71 
1.63 
1.55 
1.45 
1.32 
1.20 
1.20 
1.10 
1.02 

Test 313. ( I  = 0 in., p,  = 201.7 pria, T, ,  = 1517'R, h = 6.884 Ib/rec, e = 0.013 in., 6" = 0.020 in., 

0.179 
0.188 
0.225 
0.225 
0.315 
0.344 
0.338 
0.355 

0.373 
0.321 
0.347 
0.320 
0.280 
0.307 
0.313 
0.266 
0.274 
0.255 
0.274 
0.191 
0.238 

-- 

886 
892 
940 

1044 
1010 
1038 
1080 
1105 

1100 
1067 
1058 
1034 
996 
985 
944 
944 
909 
916 
896 
859 
811 

-- 

1516 
1514 
1511 
1508 
1502 
1492 
1467 
1416 
1371 
1300 
1230 
1149 
1068 
1008 
988 
958 
927 
882 
847 
847 
821 
79 1 

2.84 x IO-' 
3.02 
3.91 
4.76 
6.24 
7.23 
7.86 
8.85 

9.46 
7.64 
8.25 
7.34 
6.03 
6.55 
6.22 
5.36 
5.23 
4.98 
5.15 
3.39 

-- 

0.360 I 1.55 X 10' 
0.484 
0.608 
0.799 
1.06 
1.35 
1.74 
2.28 
2.48 
2.59 
2.54 
2.39 
2.16 
1.92 
1.83 
1.74 
1.62 
1.49 
1.35 
1.35 
1.24 
1.15 

2.24 
2.96 
3.86 
5.01 
6.47 
8.48 

11.0 
12.5 
13.6 
13.9 
13.5 
12.8 
12.0 
11.7 
11.3 
10.8 
10.2 
9.58 
9.58 
8.96 
8.30 

~~ 

3.20 X 
2.43 
2.54 
2.45 
2.01 
2.23 
1.91 
1.71 

1.61 
1.26 
1.46 
1.48 
1.30 
1 S O  
1.45 
1.34 
1.44 
1.48 
1.64 
1.25 
1.42 

-- 

= - 0 in.) 
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910 
BTU/SOC in.' 

Table E 3  (continued). 

PeUe Peuc h h 
- p=- 

Peuccpe - Ce 
sac in.' OF see in.' in.-' 

1, 1, 8TU Ib 
O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.1 33 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.530 
0.680 
0.880 
1.14 
1.48 
1.94 
2.45 
2.86 
3.13 
3.22 
3.17 
2.99 
2.75 
2.67 
2.59 
2.48 t 

~~ 

0.0707 626 
0.0713 
0.0662 

0.821 
0.767 

1.02 
0.972 
1.42 
1.59 

1.39 
1.44 
2.06 
1 .57 
1.41 
1.63 
1.70 
1.40 

- 

- 

- 
0.0873 
0.0838 
0.117 
0.128 

0.1 13 
0.113 
0.155 
0.123 
0.109 
0.124 
0.132 
0.108 
0.0562 
0.0460 
0 . o m  
0.0397 
0.0104 

- 

1 

- 
629 
624 
658 
673 - 
656 
674 
697 
655 
661 
664 
647 
643 
593 

~ 583 
~ 552 

568 
~ 533 

654 
645 
654 
668 
666 
672 
716 
734 - 
747 
761 
753 
726 
734 
709 
696 
694 
672 
655 
653 
61 5 
553 

1489 I ::: 
1481 
1475 
1463 
1445 
1396 
1346 
1287 
1227 
1138 
1059 
980 
970 
940 
91 1 

i 
1512 
1510 
1507 
1504 
1498 
1486 
1460 
1419 
1370 
1301 
1232 
1059 
1025 
lo00 
976 
946 
916 
882 
843 
843 
t 
t 

I I 

0.0806 
0.1 1 1  
0.141 
0.179 
0.236 
0.304 
0.392 
0.520 
0.564 
0.597 
0.592 
0.560 
0.515 
0.437 
0.422 
0.401 
0.376 

i 

3.85 x lo-' 
2.80 
2.09 

1.54 
1.23 
1.40 
1.17 

0.897 
0.948 
1.45 
1.22 
1.30 
1.56 
1.68 
1.52 7 

- 

- 

1 
Test 245. ( I  = 6 in., pt = 60.2 psia, T,, = 1513OR. & = 2.042 Ib/sec, e = 0.028 in., 6' = 0.024 in., + = 0.021 in.) 

0.0838 
0.0846 
0.0793 
0.0880 
0.114 
0.119 
0.170 
0.167 

0.206 
0.189 
0.197 
0.179 
0.169 
0.156 
0.173 
0.139 
0.137 
0.123 
0.144 
0.0809 
0.0222 

- 

0.976 X lo-' 
0.975 
0.923 
1.04 
1.35 
1.42 
2.15 
2.18 

2.77 
2.62 
2.73 
2.43 
2.34 
2.10 
2.31 
1 .87 
1.81 
1.60 
1 .87 

t 
t 

- 

0.118 
0.153 
0.195 
0.250 
0.320 
0.410 
0.521 
0.688 
0.750 
0.792 
0.785 
0.744 
0.674 
0.584 
0.562 
0.528 
0.500 
0.465 
0.43 1 
0,431 

t 
t 

0.516 X lo" 3.13 X lo-' 
0.728 
0.917 
1.18 
1.13 
1.96 
2.55 
3.35 
3.78 
4.1 1 
4.24 
4.17 
3.94 
3.61 
3.52 
3.39 
3.25 
3.10 
2.95 
2.95 

t 
t 

2.41 
1 .82 
1.60 
1.51 
1.33 
1.59 
1.22 

1.34 
1.30 
1.46 
1.45 
1.62 
1.52 
1.73 
1.52 
1.59 
1.52 

t 
t 

- 

tFlow reparation existed at this locotion. 

37 



JPL TECHNICAL REPORT NO. 32-415 

Table 8-3 (continued). 

qw 
BTU/sec in? 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

Peue PeUe h h 
Jt = - 

Peuecp, 

- - Pe 
sec in.' O F  see in.' in:' 

Tu, 'e BTU Ib 
O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.0960 669 1499 
0.0960 659 1497 
0.0942 674 1494 
0.107 696 1491 
0.151 708 1485 
0.172 729 1473 
0.239 78 1 1445 
0.235 809 1405 
- -- 1356 

0.257 802 1288 
0.228 812 1223 
0.218 784 1143 
0.205 758 1069 
0.188 760 995 
0.178 730 978 
0.192 71 5 950 
0.152 713 920 
0.154 69 1 876 
0.135 683 841 
0.164 682 841 
0.132 668 807 
0.0954 61 1 t 

t F l o w  separation 

1.15 x 0.132 0.590 X 10' 3.30 X lo-* 
1.14 0.188 0.866 2.30 
1.14 0.236 1.12 1 .86 
1.33 0.298 1.41 1.72 
1.91 0.396 1.88 1.73 
2.24 0.507 2.45 1.70 
3.35 0.652 3.19 1.98 
3.45 0.868 4.23 1.53 
-- 0.938 4.75 -- 
3.81 0.986 5.16 1.49 
3.46 0.979 5.31 1.38 
3.21 0.924 5.21 1.37 
2.95 0.848 4.93 1.39 
2.75 0.729 4.54 1.52 
2.51 0.702 4.43 1.45 
2.68 0.666 4.27 1.59 
2.13 0.625 4.10 1.39 
2.12 0.570 3.87 1.52 
1.85 0.521 3.63 1.46 
2.25 0.521 3.63 1.78 

t t t t 
1.79 T 0.472 3.38 T 1.55 T 

38 

0.71 7 
0.731 
0.748 
1.11 
1.12 
1.29 
1.33 

1.17 
1.10 

1.20 
1.06 
1.60 
1.41 

-- 

-- 

0.593 
0.810 
1.07 
1.54 
1.87 
2.50 
2.81 
3.09 
3.16 
3.12 
2.95 
2.70 
2.64 
2.55 

0.0665 
0.0661 
0.0665 
0.0680 
0.101 
0.0991 
0.114 
0.1 16 

0.103 
0.0948 

0.102 
0.0890 
0.129 
0.117 
0.0925 
0.0727 
0.021 4 
0.0558 
0.0476 
0.0142 

-- 

rted at this locafion. 

614 
609 
620 
62 1 
625 
638 
637 
650 

635 
639 

638 
631 
657 
63 1 
625 
592 
557 
571 
572 
529 

1530 
1528 
1525 
1522 
1516 
1504 
1482 
1431 
1390 
1319 
1248 
1161 
1075 
1019 
988 
963 
937 
t 

I 

0.0868 
0.125 
0.172 
0.226 
0.288 
0.372 
0.514 
0.564 
0.595 
0.592 
0.558 
0.514 
0.443 
0.427 
0.403 
0.382 

t 

1 I 

3.11 X 
2.21 
1.64 
1 .86 
1.47 
1.31 
0.985 

0.760 
0.721 

0.921 
0.949 
1.50 
1.41 
1.19 T 

t 

- 

-- 
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qw 
BTU/SDC in.' 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

PeUe Pe'e h 
Be 

sec in.' O F  sac in.' in.-' 

5, = - 
PeUeCpe 

- 
h 

T W  'e BTU Ib 
O R  O R  

Table 5 3  (continued). 

0.91 1 
0.924 
0.961 
1.34 
1.44 
2.13 
2.16 

2.56 
2.45 
2.81 
2.36 
2.21 
2.18 
2.12 
1.85 
1.93 
1.46 
1.81 

t 

- 

T 

0.1 74 
0.236 
0.3 13 
0.403 
0.528 
0.688 
0.750 
0.792 
0.785 
0.743 
0.674 
0.590 
0.570 
0.535 
0.500 
0.451 
0.403 
0.403 

t 

Tost 235. (I = 12 in., pt = 60.2 psia. It, = 1545OR. = 2.007 Ib/sec, 8 = 0.050 in., 6' = 0.032 in., 

0.818 
1.12 
1.45 
1.90 
2.51 
3.34 
3.73 
4.04 
4.19 
4.13 
3.89 
3.59 
3.49 
3.36 
3.20 
3.02 
2.85 
2.85 

t 

0.0790 
0.0838 
0.0836 
0.0868 
0.119 
0.126 
0.179 
0.177 

0.203 
0.190 
0.213 
0.186 
0.170 
0.170 
0.169 
0.145 
0.153 
0.118 
0.147 
0.129 
0.207 

- 

2.01 
1.70 
1.69 
1.63 
1.94 
1.49 

1.52 
1.38 
1.42 
1.47 
1 .M 
1.51 
1.54 
1.44 
1.58 
1.45 
1.62 
1.55 
1.29 

- 

625 
623 
640 
640 
653 
665 
699 
718 

t 

727 
737 
749 
71 1 
71 7 
701 
677 
683 
668 
644 
642 
630 
543 

1544 
1 542 
1539 
1536 
1530 
1517 
1492 
1449 
1399 
1329 
1258 
1082 
1047 
1022 
996 
966 
936 
901 
861 
861 
t 
t 

0.1 32 0.580 x lo6 

0.044 in.) 

- 
2.60 x 10" 
2.04 
1 .57 
1.53 
1.38 
1 .56 
1.21 

1.25 
1.22 
1.51 
1.41 
1.51 
1.55 
1 .n 
1.51 
1.74 
1.48 

t 
t 

- 

Ted 234. (I = 12 in., p ,  = 75.2 pria, I,, = 1527'R, = 2.555 Ib/sec, 8 = 0.048 in., 6' = 0.037 in., $ = 0.035 in.) 

0.0902 
0.0895 
0.0975 
0.107 
0.1% 
0.170 
0.248 
0.243 

0.273 
0.241 
0.235 
0.224 
0.205 
0.193 
0.194 
0.163 
0.164 
0.141 
0.1 59 
0.138 
0.112 

- 

?Flow separation existed at this location. 

642 
637 
661 
672 
687 
708 
764 
788 

792 
798 
780 
749 
752 
726 
700 
703 
683 
672 
666 
660 
61 1 

- 

1526 
1524 
1521 
1518 
1512 
ls00 
1 470 
1430 
1380 
1311 
1245 
1163 
1088 
1012 
995 
967 
937 
891 
856 
856 
821 
798 

I 

1.02 x lo-' 
1.01 
1.13 
1.26 
1 .80 
2.08 
3.27 
3.34 

3.83 
3.44 
3.32 
3.07 
2.85 
2.62 
2.57 
2.18 
2.17 
1.84 
2.06 
1.78 
1.37 

- 

- 
0.156 
0.215 
0.285 
0.382 
0.493 
0.653 
0.861 
0.938 
0.972 
0.972 
0.924 
0.834 
0.736 
0.702 
0.660 
0.618 
0.562 
0.521 
0.521 
0.472 
0.437 

- I 0.648x lo" 
1.01 
1.34 
1.81 
2.37 
3.13 
4.17 
4.67 
5.11 
5.24 
5.14 
4.85 
4.49 
4.38 
4.22 
4.03 
3.79 
3.57 
3.57 
3.45 
3.1 1 

I 
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0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

PeUe PeUe h 
Pe  

roc in.' O F  sec in.' in.-' 

h 
s1 = - 

Peuecpe 

- - BTU Ib 

0.615 
0.592 
0.655 
0.746 
0.863 
0.926 
0.995 
-- 

0.938 
1.23 

0.0264 
0.0282 
0.0271 
0.0293 
0.0339 
0.0391 
0.0413 
0.0438 

0.041 5 
0.0521 
0.0273 
0.0275 
0.0312 
0.0427 
0.0771 
0.0645 
0.0241 
0.0567 
0.0531 
0.0529 
0.0335 

- 

0.567 
0.732 
0.935 
1.21 
1.57 
2.02 
2.64 
3.00 
3.29 
3.38 

580 
580 
580 
590 
583 
582 
588 
59 1 

580 
593 
571 
575 
584 
588 
606 
610 
576 
619 
590 
609 
568 

-- 

2.89 x 10-~ 
2.57 
1.99 
1.69 
1.49 
1.35 
1.15 
0.950 

0.785 
1.05 
0.560 1 

t 

-- 

1 

Test 301. (I = 18 in., p t  = 45.1 pria, T , ,  = 103S0R, = 1.888 Ib/sec, 8 = -in., 6* = -in., 9 = -in.) 

0.032 1 
0.0346 
0.0305 
0.0368 
0.0487 
0.0621 
0.0735 
0.0698 

0.101 
0.0848 
0.0809 
0.0684 
0.0633 
0.0665 
0.0634 
0.0552 
0.0268 
0.0138 
0.0142 
0.00784 
0.00390 

-- 

+Flow reparation existed et this location. 

593 
594 
595 
61 1 
607 
61 1 
63 1 
636 

645 
642 
632 
624 
620 
615 
602 
592 
567 
555 
543 
538 
528 

-- 

1034 
1033 
1031 
1029 
1024 
1015 
lo00 
967 
937 
893 
847 
792 
734 
678 
668 
648 

i 

I 
0.727 X lo-' 
0.786 
0.692 
0.871 
1.14 
1.48 
1.84 
1.79 

2.69 
2.28 
2.15 
1.81 
1.69 
1.77 
1.65 
t 

-- 

I 

0.111 
0.135 
0.177 
0.229 
0.292 
0.379 
0.490 
0.642 
0.703 
0.734 
0.722 
0.684 
0.627 
0.540 
0.522 
0.490 

I 

0.672 X 10' 
0.826 
1.07 
1.40 
1.80 
2.33 
3.06 
4.02 
4.57 
4.99 
5.14 
5.08 
4.80 
4.45 
4.35 
4.22 

2.62 x io-' 
2.32 
1.57 
1.52 
1.57 
1.56 
1.51 
1.12 

1.49 
1.29 
1.29 
1.19 
1.30 
1.40 
1.40 

t 

1 

1 
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1.06 
1.17 
1 .50 
2.31 
3.09 
3.60 
4.60 

4.77 
3.53 
3.37 
3.20 
2.58 
2.63 
2.55 
2.27 
2.05 
2.06 
2.53 
1.53 

- 

0.1 33 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.m 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 

0.825 
0.864 
0.864 
0.905 
0.938 

0.782 

t 

Table k 3  (continued). 

0.0424 
0.0425 
0.0459 
0.0544 
0.0829 
0.106 
0.1 15 
0.139 

0.142 
0.110 
0.106 
0.100 
0.0840 
0.0866 
0.0856 
0.0758 
0.0709 
0.0693 
0.0863 
0.0553 
0.0532 

- 

618 
623 
632 
661 
665 
680 
701 
715 - 
71 1 
699 
683 
679 
660 
651 
640 
639 
62 1 
628 
623 
600 
577 

1023 
1022 
1020 
1018 
1013 
1006 
992 
956 
925 
882 
834 
782 
729 
677 
662 
642 
624 
597 
573 
573 
551 
t 

0.188 
0.226 
0.292 
0.382 
0.490 
0.649 
0.816 
1.06 
1.16 
1.22 
1.21 
1.14 
1.04 
0.910 
0.875 
0.826 
0.770 
0.702 
0.642 
0.642 
0.590 

t 

1.14 X 106 2.23 X lo-' 
1.38 
1.78 
2.34 
3.06 
3.94 
5.13 
6.78 
7.60 
8.36 
8.62 
8.52 
8.10 
7.50 
7.36 
7.08 
6.77 
6.38 
6.03 
6.03 
5.73 

t 

1.88 
1.61 
1.58 
1.90 
1.95 
1.77 
1.75 

1.59 
1.19 
1.22 
1.27 
1.18 
1.25 
1.28 
1.23 
1.22 
1.34 
1.64 
1.08 

t 

- 

Ted 304. (1 = 18 in., p t  = 1OoJ psia. T t ,  = 1036'R. 4 = 4.207 b/sec, 8 = 0.047 in., 8' = 0.038 in., q5 = 0.044 in.) 

0.0524 
0.0537 
0.0624 
0.0746 
0.108 
0.133 
0.138 
0.166 

0.171 
0.132 
0.1 32 
0.121 
0.0999 
0.102 
0.101 
0.0868 
0.0839 
0.0870 
0.0960 
0.0672 
0.0700 

- 

643 
650 
668 
708 
704 
72 1 
741 
754 

750 
726 
719 
714 
689 
688 
676 
672 
655 
668 
661 
637 
619 

1035 
1034 
1032 
1030 
1025 
1016 
1002 
972 
940 
893 
848 
792 
738 
685 
670 
650 
630 
605 
582 
582 
558 
540 

1.33 X lo-' 
1.39 
1.70 
2.28 
3.27 
4.26 
4.72 
6.06 

6.32 
4.58 
4.54 
4.15 
3.25 
3.35 
3.24 
2.79 
2.60 
2.84 
3.06 
2.01 
2.01 

- 

0.253 
0.302 
0.382 
0.507 
0.660 
0.848 
1.09 
1.43 
1.55 
1.63 
1.62 
1.52 
1.38 
1.21 
1.16 
1.10 
1.04 
0.945 
0.865 
0.865 
0.792 
0.736 

1.49 X 10' 
1 3 2  
2.36 
3.08 
4.02 
5.24 
6.79 
8.95 

10.1 
11.0 
11.4 
11.3 
10.7 
9.92 
9.68 
9.37 
9.02 
8.54 
8.07 
8.07 
7.59 
7.07 

2.11 x lo-' 
1 .85 
1.78 
1 .80 
1.99 
2.02 
1.74 
1.71 

1.58 
1.15 
1.23 
1.24 
1.12 
1.19 
1.22 
1.12 
1.15 
1.37 
1.47 
1.06 
1.14 

- 

+Flow sepnrntion existed nt this location. 
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BTU/rec in? O R  O R  

Table 5 3  (continued). 

P e U e  Peue h 
f ie  

sac in? OF sac in.' in:' 

h 
Jt = - 

PeUcCpe 

- - BTU Ib 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.307 
0.371 . 
0.483 * 

0.631 
0.822 
1.05 
1.36 
1.76 
1.93 
2.02 
2.01 
1 .86 
1.66 
1.51 
1.45 
1.36 
1.22 
1.17 
1.08 
1.08 
0.984 
0.926 

1.85 x io5 
2.26 
2.92 
3.83 
5.02 
6.51 
8.49 
11.2 
12.7 
13.8 
14.2 
13.9 
13.2 
12.4 
12.1 
11.6 
11.2 
10.6 
10.0 
10.0 
9.40 
8.80 

Test 305. ( I  = 18 in., p t  = 125.6 psia, T,, = 1032'R. = 5.053 Ib/sec, 0 = 0.045 in., 6* = 0.039 in., 9 = 0.039 in.) 

I I 

0.0592 
0.0659 
0.0802 
0.0937 
0.123 
0.150 
0.152 
0.176 

0.180 
0.148 
0.139 
0.133 
0.1 1 1  
0.115 
0.101 
0.0968 
0.0917 
0.0905 
0.1 15 
0.0750 
0.0836 

-- 

I 

653 
666 
689 
732 
722 
736 
756 
768 

764 
74 1 
73 1 
725 
702 
699 
684 
681 
663 
674 
670 
645 
625 

-- 

I 1.57 x 1 
1.81 
2.35 
3.14 
4.01 
5.13 
5.60 
6.87 
-- 
7.17 
5.49 
5.09 
4.87 
3.83 
3.98 
3.66 
3.25 
2.96 
3.05 
3.81 
2.33 
2.46 

1031 
1030 
1028 
1026 
1022 
1014 
998 
964 
934 
890 
840 
770 
720 
683 
668 
644 
627 
602 
579 
579 
554 
537 

2.05 X lo-' 
1.95 
1.95 
2.00 
1.96 
1.96 
1.68 
1.58 

1.44 
1.12 
1.12 
1.21 
1.06 
1.14 
1.12 
1.06 
1.05 
1.18 
1.47 
0.986 
1.11 

-- 

Test 306. ( I  = 18 in., p t  = 150.6 psia, T t o  = 1028'R, A = 6.300 Ib/sac, B = 0.045 in., 8' = 0.040 in., 9 = 0.035 in.) 

0.0635 
0.0753 
0.0930 
0.0986 
0.132 
0.158 
0.160 
0.185 

0.190 
0.156 
0.152 
0.147 
0.121 
0.123 
0.124 
0.108 
0.105 
0.106 
0.120 
0.0828 
0.0929 

-- 

670 
684 
710 
756 
742 
756 
777 
788 

786 
760 
752 
746 
72 1 
71 7 
705 
702 
685 
70 1 
69 1 
665 
642 

-- 

I027 
1026 
1024 
1022 
1018 
1010 
994 
960 
930 
887 
837 
775 
717 
680 
665 
642 
625 
600 
577 
577 
552 
535 

1.78 x 10.' 
2.19 
2.93 
3.64 
4.65 
5.88 
6.52 
7.96 
-- 
8.42 
6.31 
6.10 
5.91 
4.52 
4.61 
4.49 
3.94 
3.70 
3.99 
4.35 
2.77 
2.92 

0.368 2.22 x los 
0.444 2.71 
0.580 3.50 
0.757 4.60 
0.986 6.02 
1.21 7.80 
1.63 10.2 
2.1 1 13.5 
2.31 15.2 
2.42 16.7 
2.41 17.1 
2.24 16.7 
1.99 15.8 
1.81 14.8 
1.74 14.5 
1.63 14.0 
1.53 13.4 
1.40 12.7 
1.29 12.0 
1.29 12.0 
1.18 11.3 
1.1 1 10.5 

1.94 X lo-* 
1.98 
2.03 
1.93 
1.90 
1.07 
1.61 
1.52 

1.42 
1.07 
1.12 
1.23 
1.04 
1.10 
1.14 
1.07 
1.10 
1.29 
1.40 
0.977 
1.09 

-- 
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PeUc Pcuc h 
st = - 

Pc'crp, 

- h 

- Pe 
see in.' OF sac in.' in.-' 

1, re BTU Ib 
O R  O R  

~ 

x / L  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

1.96 X 
2.1 1 
2.07 
1.89 
1.82 
1 .57 
1.54 
1.35 

1.33 
0.991 
1.09 
1.14 
0.993 
1.09 
1.11 
1 .m 
1.09 
1.17 
1.35 
0.921 
0.974 

- 

Table B-3 (continued). 

lo-' 

v 

2.96 X lo" 
3.63 
4.68 
6.14 
8.08 
10.4 
13.6 
18.0 
20.3 
22.1 
22.8 
22.3 
21.1 
19.8 
19.4 
18.7 
17.9 
17.0 
16.0 
16.0 
15.1 
14.1 

0.0731 
0.0897 

0.107 

0.153 

t 

0.171 
0.187 

0.201 
0.162 
0.165 
0.154 
0.131 
0.138 
0.138 
0.116 
0.120 
0.113 
0.133 
0.0904 
0.0966 

- 

2.20 
2.05 
1.92 
1.74 
1.78 
1.52 
1.37 

1.30 
0.957 
1.02 
1.12 
0.937 
1.08 
1.08 
0.956 
1.03 
1.19 
1.38 
1.14 
0.995 

- 

686 
706 
732 
776 
760 
768 
794 
801 

80 1 
775 
769 
760 
735 
73 1 
715 
712 
695 
708 
701 
673 
648 

- 

v 

1034 
1033 
1031 
1029 
1025 
1017 
1001 
967 
936 
893 
843 
780 
722 
685 
670 
646 
629 
604 
58 1 
581 
556 
539 

2.10 x lo-' 0.430 
2.73 
3.49 
4.16 
5.22 
5.77 
7.24 
8.26 

9.26 
6.80 
6.90 
6.38 
5.05 
5.32 
5.08 
4.29 
4.28 
4.25 
4.89 
3.04 
3.03 

- 

0.519 
0.676 
0.883 
1.15 
1.48 
1.90 
2.46 
2.70 
2.83 
2.81 
2.61 
2.33 
2.1 1 
2.03 
1.91 
1.78 
1.64 
1.51 
1.51 
1.38 
1.30 

2.59 x lo" 
3.16 
4.09 
5.37 
7.03 
9.10 
11.9 
15.7 
17.7 
19.3 
19.9 
19.5 
18.4 
17.3 
16.9 
16.3 
15.6 
14.8 
14.0 
14.0 
13.2 
12.3 

Ted 309. (I = 18 in., pt = 201.7 pdo, T,, = 1029'R, & = 8.567 Ib/sec, e = 0.038 in., 8' = 0.035 in., @ = 0.029 in.) 

0.0786 
0.0990 
0.110 
0.113 
0.144 
0.177 
0.177 
0.197 

0.206 
0.168 
0.166 
0.160 
0.133 
0.144 
0.142 
0.1 19 
0.122 
0.121 
0.143 
0.117 
0.106 

- 

702 
725 
750 
795 
775 
791 
809 
816 

813 
786 
780 
774 
746 
748 
730 
724 
708 
723 
719 
694 
662 

1028 
1027 
1025 
1023 
101 9 
101 1 
995 
961 
93 1 
881 
838 
776 
71 8 
681 
666 
643 
626 
601 
578 
578 
553 
536 

2.41 X 10.' 0.493 
3.26 
3.96 
4.85 
5.71 
7.50 
8.22 
9.59 - 
10.3 
7.54 
7.42 
7.19 
5.46 
6.08 
5.67 
4.70 
4.63 
4.95 
5.71 
4.32 
3.55 

0.595 
0.776 
1.01 
1.32 
1.69 
2.17 
2.83 
3.10 
3.24 
3.22 
2.99 
2.67 
2.42 
2.33 
2.19 
2.04 
1 .88 
1.73 
1.73 
1.58 
1.49 
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0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.51 2 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

PeUe PeUe h 
Be 

see in? O F  sac in.' in.-' 

h 
Jt = - 

Peuecpe 

- BTU Ib 

Table 5 3  (continued). 

0.554 3.34 x los 

~~~t 310. ( I  = 18 in., p,  = 226.7 pria, T t o  = 1032'R. = 9.516 Ib/rec, B = 0.038 in., S* = 0.031 in., + 

716 
739 
764 
808 
789 
804 
822 
829 
-- 
828 
800 
795 
788 
760 
760 
743 
737 
723 
737 
730 
701 
675 

0.0872 
0.106 
0.115 
0.117 
0.152 
0.185 
0.180 
0.203 

0.209 
0.173 
0.172 
0.164 
0.138 
0.148 
0.147 
0.125 
0.131 
0.125 
0.152 
0.103 
0.121 

-- 

1031 
1030 
1028 
1026 
1022 
1014 
998 
964 
934 
890 
840 
778 
720 
683 
668 
644 
627 
602 
579 
579 
554 
537 

2.77 x io-' 
3.65 
4.30 
5.23 
6.32 
8.20 
8.76 

10.4 

11.2 

-- 

8.24 
8.20 
7.79 
5.93 
6.51 
6.14 
5.17 
5.2 1 
5.34 
6.30 
3.85 

0.668 
0.875 
1.14 
1.49 
1.90 
2.45 
3.18 
3.48 
3.65 
3.62 
3.37 
3.00 
2.71 
2.61 
2.46 
2.30 
2.1 1 
1.95 
1.95 
1.78 
1.67 

4.10 
5.28 
6.91 
9.05 

11.7 
15.3 
20.2 
22.8 
24.9 
25.7 
25.1 
23.7 
22.3 
21.8 
21.0 
20.2 
19.1 
18.0 
18.0 
17.0 
15.8 

0.035 in.) 

2.00 x 10-~ 
2.19 
1.97 
1 .84 
1.71 
1.73 
1.44 
1.32 

1.25 
0.932 
1 .oo 
1.07 
0.905 
1.03 
1.04 
0.934 
1.03 
1.14 
1.35 
0.902 

-- 

Test 311. ( I  = 18 in., p ,  = 253.7 psia, T , ,  = 1030'R. A = 10.411 Ib/rec, 0 = 0.039 in., S* = 0.034 in., + = 0.031 in.) 

0.0985 
0.113 
0.120 
0.123 
0.156 
0.188 
0.187 
0.207 

0.209 
0.173 
0.172 
0.169 
0.141 
0.154 
0.155 
0.130 
0.137 
0.130 
0.163 
0.115 
0.121 

-- 

732 
754 
777 
819 
803 
816 
834 
841 

833 
809 
802 
797 
771 
776 
758 
752 
738 
749 
745 
71 8 
688 

-- 

1029 
1028 
1026 
1024 
1020 
1012 
996 
962 
932 
889 
839 
777 
719 
682 
667 
643 
626 
60 1 
578 
578 
553 
536 

3.30 X 10.' 
4.08 
4.76 
5.86 
6.91 
8.90 
9.71 

11.4 - 
11.5 
8.63 
8.51 
8.42 
6.43 
7.30 
6.93 
5.77 
5.84 
5.93 
7.28 
4.64 
4.38 

0.61 9 
0.750 
0.979 
1.28 
1.66 
2.12 
2.73 
3.55 
3.89 
4.08 
4.05 
3.76 
3.35 
3.04 
2.92 
2.75 
2.57 
2.36 
2.17 
2.17 
1.99 
1 .87 

3.73 x io5 
4.57 
5.90 
7.74 

10.1 
13.1 
17.1 
22.6 
25.5 
27.8 
28.7 
28.1 
26.6 
25.0 
24.4 
23.5 
22.6 
21.4 
20.2 
20.2 
19.0 
17.7 

2.14 X lo-' 
2.18 
1.95 
1 .84 
1.67 
1.68 
1.43 
3.29 

1.15 
0.871 
0.931 
1.04 
0.877 
1.04 
1.05 
0.935 
1.03 
1.14 
1.39 
0.973 
0.977 

-- 
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- 
0.0509 
0.0569 
0.0595 
0.0637 
0.0750 
0.081 1 - 
- 

0.0800 
0.0733 
0.0648 
0.0532 
0.0531 

0.0742 
0.0267 
0.0199 
0.0 150 

0.0460 

- 
0.0543 
0.0229 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

- 
622 
640 
650 
630 
635 
644 - 
- 
634 
625 
624 
624 
625 

602 
715 
725 
701 
581 
671 
548 

602 

Table B-3 (continued). 

0.438 
0.578 
0.758 
0.972 
1.28 
1.65 
1.87 
2.02 
2.07 
2.02 
1.95 

~~ 

lest 288. (I=lEin., pt=30.1psia, T,,=151l0R, ~=1.009lb/sec,  B=-in., 8*=-in. .  #=-in.) 

v 

270 
2.20 
1.66 
1.63 
1.41 - 
- 
0.938 
0.876 
0.833 

- 
1508 
1506 
1502 
1 496 
1485 
1465 
1415 
1 370 
1310 
1235 
1165 
1100 

i 

- 
0.572 x lo-' 
0.654 
0.692 
0.725 
0.860 
0.943 - 
- 
0.937 
0.856 
0.763 
0.634 7 

t 

1 

- 
0.0764 
0.0930 
0.123 
0.156 
0.204 
0.259 
0.337 
0.371 
0.386 
0.382 
0.361 
0.337 

t I 
Test 287. (I = 18 in., p, = 40.2 psiq T,, = 1508'R. = 1.357 Ib/sac, 17 = -in., 8' = -in., # = -in.) 

0.0634 
0.0584 
0.0670 
0.0664 
0.0739 
0.0910 
0,0990 
0.104 

0.103 
0.1 10 
0.0849 
0.0755 
0.0587 
0.0956 
0.0730 
0.0813 
0.0814 
0.0532 
0.0772 
0.0694 
0.0204 

- 

65 1 
636 
6% 
668 
643 
654 
665 
666 

660 
659 
648 
639 
625 
662 
635 
639 
631 
609 
62 1 
617 
548 

1507 
1505 
1 502 
1 499 
1 493 
1480 
1460 
1410 
1370 
1305 
1240 
1160 
1 070 
lo00 
975 
950 
t 

0.0858 I 0.307 X lo" 0.739 X lo-' I 
0.669 
0.786 
0.792 
0.856 
1.064 
1.182 
1.251 - 
1.251 
1.338 
1.031 
0.918 
0.710 
1.219 
0.907 

i 

0.102 
0.125 
0.160 
0.208 
0.268 
0.345 
0.455 
0.495 
0.514 
0.514 
0.489 
0.445 
0.385 
0.368 
0.351 

t 

0.41 0 
0.576 
0.771 
0.992 
1.28 
1.69 
2.20 
2.49 
2.72 
2.79 
2.75 
2.58 
2.36 
2.32 
2.24 

t 

3.39 x 10- 
2.51 
2.67 
1.91 
1.47 
1.53 
1.32 
1-06 

0.942 
1.02 
0.834 
0.828 
0.746 
1.35 
1.02 

1 
+Flow separation existed at this location. 
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qw Ttc 'e 
BTU/rec in? O R  O R  

Table 5 3  (continued). 

PeUe Peue h 
Pe 

roc in.' O F  see in.' in:' 

h 
Sf = - 

Peuecpe 

- BTU Ib 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.7 17 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

Test 266. (I = 18 in., p t  = 44.8 pria, T t o  = 1503"R, A = 1.555 Ib/sec, 8 = 0.070 in., 6* = 0.060 in., @ = 0.043 in.) 

0.0652 
0.0653 
0.0544 
0.0688 
0.0803 
0.0778 
0.104 
0.109 

0.120 
0.0930 
0.128 
0.0804 
0.0894 
0.113 
0.127 
0.0821 

0.0574 
0.0420 
0.0250 
0.0143 

I 

- 

636 
63 1 
630 
658 
639 
636 
659 
673 
-- 
668 
660 
678 
638 
653 
672 
663 
642 

606 
58 1 
565 
540 

- 

1502 
1500 
1497 
1494 
1490 
1480 
1455 
1405 
1365 
1295 
1225 
1140 
1055 
1000 
970 
945 
920 

i 

0.752 X 
0.749 
0.623 
0.816 
0.932 
0.901 
1.24 
1.33 

1.49 
1.14 
1.62 
0.981 
1.13 
1.47 
1.65 
1.04 

i 

0.0834 
0.109 
0.142 
0.182 
0.234 
0.304 
0.390 
0.503 
0.554 
0.580 
0.576 
0.548 
0.465 
0.430 
0.413 
0.389 
0.368 

0.362 X 1 
0.493 
0.678 
0.884 
1.12 
1.48 
1.91 
2.45 
2.81 
3.02 
3.13 
3.08 
2.87 
2.62 
2.53 
2.43 
2.33 

i 

3.45 x 
2.63 
1.68 
1.73 
1.42 
1.14 
1.22 
1.03 

0.990 
0.779 
1.17 
0.848 
1.06 
1.43 
1.72 
1.14 

-- 

Test 281. (I = 18 in., p t  = 50.1 pria, T t o  = 1514'R, A = 1.693 Ib/sec, 8 = -in., 6" = -in., @ = -in.) 

0.0716 
0.0695 
0.0763 
0.0761 
0.0868 
0.108 
0.123 
0.129 
-- 

0.165 
0.158 
0.157 
0.131 
0.104 
0.155 
0.148 
0.131 
0.124 
0.0433 
0.0658 
0.0165 
0.0146 

662 
650 
671 
683 
66 1 
682 
699 
709 
-- 
73 1 
720 
737 
708 
688 
729 
708 
694 
675 
625 
615 
565 
551 

1513 
151 1 
1508 
1505 
1499 
1487 
1464 
1425 
1385 
1320 
1240 
1165 
1075 
lo00 
980 
955 
925 

i 

I 

0.805 
0.905 
0.918 
1.02 
1.30 
1.53 
1.62 -- 
2.17 
2.07 
2.12 
1.73 
1.35 
2.14 
2.01 
1.76 

i 
I 

0.0972 
0.1 18 
0.153 
0.201 
0.257 
0.330 
0.420 
0.579 
0.625 
0.649 
0.646 
0.61 8 
0.528 
0.486 
0.465 
0.437 
0.41 0 

i 

0.428 X 10' 
0.580 
0.740 
0.964 
1.25 
1.63 
2.14 
2.81 
3.16 
3.40 
3.49 
3.44 
3.25 
2.98 
2.92 
2.83 
2.72 

3.31 x 10'~ 
2.61 
2.28 
1.76 
1.42 
1.51 
1.40 
1.08 

1.29 
1.25 
1.35 
1.31 
1.13 
1.86 
1.82 
1.75 

-- 

?Flow separation existed at  this locotion. 
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qta 
BIU/soc in.' 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

Peuc PC% h 
fie 

soc in.' *F sac in.' in.-' 

h 
5,=- 

Peuccpc 

- la0 1, BTU Ib 
O R  *R 

Table L 3  (continued). 

0.907 
0.906 
1.02 
1.1 1 
1.40 
1.82 
2.03 

2.71 

2.30 
2.21 
1.71 
2.30 
2.50 
2.12 

I 

- 

2.39 
1.66 
1.56 
1.41 
1.21 
1.47 
1.21 

1.34 
1.39 
1-60 
1.46 
1.54 
1.55 
1.60 
1.55 
1.58 
1.49 
2.06 

- 

0.0743 
0.0761 
0.0749 
0.0818 
0.0916 
0.113 
0.141 
0.154 

0.193 

0.164 
0.158 
0.125 
0.161 
0.175 
0.150 
0.136 
0.123 
0.143 
0.178 
0.141 

- 
- 

t 

669 
661 
673 
694 
670 
689 
720 
734 

763 

752 
740 
71 3 
740 
734 
718 
693 
68 1 
663 
575 
558 

- 
- 

1500 
1499 
1495 
1492 
1486 
1 474 
1451 
1 405 

1290 
1220 
1140 
1080 
lo00 
980 
960 
930 
890 
t 

1370 

- 
0.197 
0.205 
0.233 
0.272 
0.336 
0.501 
0.636 
0.684 
0.715 
0.715 
0.681 
0.622 
0.538 
0.516 
0.486 
0.457 
0.41 7 

t 

- 
0.651 x 10' I G x  lo-' 
0.833 
1.08 
1.35 
1.75 
2.32 
3.05 
3.47 
3.79 
3.89 
3.83 
3.61 
3.32 
3.24 
3.13 
2.99 
2.86 

t 

1.69 
1.69 
1-46 
1.61 
1.40 
1.23 

1.46 

1.35 
1.43 
1.29 
1 .a2 
2.03 
1.90 
1.83 

t 

- 
- 

Tesi 263. (I = 18 in., p t  = 60.2 psia, T,, = 1536'1. & = 2.133 Ib/rc ,  8 = 0.070 in., 6' = 0.059 in.. + = 0.043 in.) 

0.0751 
0.0765 
0.0689 
0.08 1 4 
0.105 
0.109 
0.160 
0.164 

0.201 
0.198 
0.189 
0.163 
0.159 
0.156 
0.160 
0.139 
0.133 
0.114 
0.1 59 
0.1 16 
0.0316 

- 

654 
652 
654 
684 
675 
676 
721 
745 

759 
774 
758 
730 
743 
725 
705 
707 
674 
672 
672 
644 
566 

- 

+Flow separation existed at this location. 

1535 
1533 
1530 
1527 
1521 
1509 
1482 
1440 
1390 
1320 
1250 
1075 
1040 
1015 
990 
960 
930 
895 
855 
855 
t 
t 

I 0.852 x 10-4 
0.866 
0.783 
0.957 
1.23 
1.27 
1.98 
2.10 

2.68 
2.71 
2.55 
2.16 
2.17 
2.09 
2.10 
1 .85 
1.72 
1.47 
2.05 

t 
t 

- 

0.111 
0.139 
0.181 
0.236 
0.312 
0.403 
0.521 
0.667 
0.729 
0.771 
0.764 
0.639 
0.594 
0.571 
0.549 
0.521 
0.486 
0.444 
0.406 
0.406 

t 
t 

I 0 . m x  ld 
0.654 
0.889 
1.12 
1.46 
1.90 
2.44 
3.22 
3.65 
3.98 
4.06 
3.79 
3.59 
3.48 
3.40 
3.25 
3.12 
2.92 
2.77 
2.77 

t 
t 
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qw 
BTU/rec in.' 

Table k 3  (continued). 

Pc'c 

Pe 
sac in.' O F  sac in.' in.-' 

- h PeUe 
1, Te BTU Ib 
O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.136 
0.174 
0.229 
0.305 
0.396 
0.500 
0.666 
0.860 
0.938 
0.980 
0.968 
0.764 
0.732 
0.732 
0.705 
0.663 
0.628 
0.576 
0.531 
0.531 
0.486 

t 

0.597 X 10' 
0.822 
1.10 
1.45 
1.86 
2.43 
3.21 
4.18 
4.72 
5.10 
5.24 
4.67 
4.50 
4.50 
4.40 
4.28 
4.10 
3.87 
3.63 
3.75 

t 
3.54 T 

h 
St = - 

Pc'ecpe 

Test 262. (I = 18 in., p ,  = 75.2 prio, T t o  = 151E0R, = 2.557 Ib/sec, 0 = 0.060 in., 8' = 0.057 in., 9 = 0.031 in.) 

0.0834 
0.0864 
0.0801 
0.102 
0.134 
0.151 
0.216 
0.220 

0.262 
0.231 
0.206 
0.200 
0.176 
0.1 69 
0.179 
0.154 
0.144 
0.134 
0.152 
0.120 
0.1 10 

- 

674 
674 
682 
719 
71 8 
734 
792 
823 

756 
833 
799 
783 
777 
754 
728 
73 1 
704 
707 
692 
682 
639 

-- 

1517 
1515 
1512 
1509 
1503 
1490 
1460 
1410 
1370 
1300 
1230 
1170 
1090 
1015 
990 
960 
930 
900 
865 
865 
830 
t 

I I 

0.989 X 
1.03 
0.959 
1.28 
1.68 
1.94 
2.99 
3.21 

3.55 
3.52 
3.03 
2.91 
2.57 
2.41 
2.49 
2.16 
1.98 
1 .86 
2.06 
1.61 

t 

-- 

2.87 X lo-* 
2.26 
1.61 
1.61 
1.52 
1.49 
1.73 
1.44 

1.40 
1.42 
1.58 
1.60 
1.42 
1.39 
1.48 
1.41 
1.40 
1.44 
1.58 

t 

-- 

Test 269. (I = 18 in., pt = 100.2 prio, T,, = 1511 O R ,  = 3.435 Ib/rec, 0 = 0.066 in., 6' = 0.055 in., 9 = 0.045 in.) 

0.105 
0.100 
0.106 
0.126 
0.187 
0.204 
0.267 
0.292 

0.312 
0.250 
0.241 
0.243 
0.205 
0.207 
0.218 
0.185 
0.180 
0.166 
0.202 
0.154 
0.140 

-- 

+Flow separation existed at this location 

70 1 
693 
714 
780 
78 1 
799 
865 
896 

899 
872 
845 
037 
814 
794 
777 
769 
737 
746 
735 
71 8 
670 

- 

1510 
1509 
1505 
1503 
1496 
1485 
1460 
1415 
1370 
1310 
1240 
1160 
1080 
1000 
985 
960 
925 
885 
855 
855 
815 
785 

1.29 X lo-' 
1.23 
1.33 
1.73 
2.57 
2.88 
4.18 
4.83 -- 
5.29 
4.10 
3.84 
3.87 
3.20 
3.16 
3.25 
2.77 
2.61 
2.45 
2.94 
2.20 
1.88 

0.183 
0.236 
0.312 
0.403 
0.521 
0.670 
0.868 
1.13 
1.24 
1.30 
1.28 
1.22 
1.10 
0.965 
0.931 
0.875 
0.812 
0.743 
0.688 
0.688 
0.625 
0.570 

0.790 X lo6 
1.11 
1.47 
1.90 
2.49 
3.1 1 
4.21 
5.48 
6.23 
6.78 
6.96 
6.84 
6.47 
5.98 
5.82 
5.63 
5.38 
5.08 
4.78 
4.78 
4.46 
4.13 

2.70 X lo-' 
1.99 
1.63 
1.66 
1.76 
1.66 
1.86 
1.65 

1.57 
1.25 
1.25 
1.40 
1.34 
1.38 
1.46 
1.39 
1.44 
1.47 
1.76 
1.45 
1.36 

-- 
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Table 8-3 (continued). 

P P C  PCUC h 
Pc 

see in.' OF sec in.' in.-' 

H=- - h 
qw TW r e  BTU Ib 

PCUC5Je 
z/L in.' O R  O R  

Te+ 267. (I  = 18 in., pt = 134.8 +a, T t o  = 1501 O R ,  = 4.606 Ib/sec, 8 = 0.060 in., 6' = 0.054 in., @ = 0.036 in.) 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.124 I 
0.134 
0.173 
0.231 
0.250 
0.321 
0.331 - 
0.356 
0.277 
0.274 
0.286 
0.228 
0.238 
0.258 
0.212 
0.213 
0.202 
0.240 
0.176 
0.169 

734 
768 
854 
843 
869 
931 
956 

953 
920 
89 1 
886 
852 
840 
818 
806 
773 
790 
777 
743 
696 

- 

1499 
1495 
1492 
1486 
1475 
1454 
1409 
1362 
1300 
1225 
1135 
1055 
loo0 
980 
950 
920 
885 
850 
850 
820 
790 

0.129 I 736 1500 1.69 x io-' 
1.61 
1.83 
2.68 
3.53 
3.98 
5.69 
6.21 - 
6.79 
5.03 
4.78 
5.03 
3.84 
3.98 
4.19 
3.42 
3.30 
3.24 
3.77 
2.65 
2.39 

0.243 
0.3 13 
0.417 
0.552 
0.716 
0.917 
1.16 
1.53 
1.67 
1.74 
1.73 
1.65 
1.40 
1.29 
1.24 
1.16 
1.09 
1.00 
0.924 
0.924 
0.840 
0.778 

0.986 X l@ 
1.32 
1.86 
2.57 
3.40 
4.45 
5.76 
7.53 
8.48 
9.18 
9.42 
9.12 
8.55 
8.04 
7.88 
7.62 
7.31 
6.88 
6.46 
6.36 
6.06 
5.66 

2.67 X 10'. 
1.98 
1.69 
1.87 
1.79 
1.67 
1 3 9  
1 .57 

1.51 
1.14 
1.15 
1.45 
1.20 
1.31 
1.43 
1.28 
1.35 
1.44 
1.69 
1.30 
1.27 v 

_I 

I Test 2611. (I = lain., pt = 150.6pu'a. T,, = 1484'R, A = 5.158Ib/oec, e = 0.059in.. 6' = 0.051 in., q5 = 0.036in.) 

0.131 
0.132 
0.144 
0.1 86 
0.245 
0.266 
0.326 
0.345 

0.361 
0.279 
0.286 
0.295 
0.231 
0.241 
0.277 
0.215 
0.209 
0.213 
0.242 
0.189 
0.171 

- 

754 
75 1 
789 
880 
866 
888 
954 
974 

959 
915 
891 
891 
850 
849 
830 
814 
778 
804 
787 
752 
707 

- 

1483 
1481 
1478 
1 475 
1470 
1457 
1434 
1385 
1345 
1285 
1210 
1120 
1045 
990 
965 
930 
900 
870 
835 
835 
805 
780 

1.79 X I 0.242 I 1.12 X lo5 I 2.82 X lo-' 
1 .80 
2.08 
3.13 
3.98 
4.49 
6.23 
6.90 - 
7.18 
5.17 
5.14 
5.40 
3.98 
4.21 
4.73 
3.60 
3.35 
3.58 
3.97 
2.95 
2.52 

0.316 
0.441 
0.601 
0.782 
1.01 
1.32 
1.68 
1 .a5 
1.94 
1.94 
1.81 
1.60 

1.40 
1.32 
1.24 
1.14 
1.04 
1.04 
0.958 
0.982 

~ 1.46 

1.59 
2.23 
2.97 
3.79 
4.85 
6.38 
8.40 
9.54 

10.3 
10.6 
10.3 
9.80 
9.11 
8.91 
8.60 
8.22 
7.76 
7.30 
7.30 
6.83 
6.31 

2.22 
1.80 
2.03 
1 .82 
1.71 
1 .82 
1.58 

1.42 
1.04 
1.13 
1.36 
1.11 
1.23 
1.42 
1.19 
1.21 
1.42 
1.57 
1.27 
1.18 
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qw T, 'e 
BTU/rec in? O R  O R  

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

Pe"e PeUe h 
Pe 

h 
st = - 

in:' PeUeCpe 

- BTU Ib 

sac in? O F  sac in? 

Table B-3 (continued). 

0.146 
0.154 
0.166 
0.219 
0.262 
0.298 -- 
- 
- 
- 
0.309 
0.301 
0.315 
0.249 
0.267 
0.300 
0.224 
0.220 
0.226 
0.271 
-- 
- 

777 
777 
819 
918 
896 
928 
-- 
-- 
-- 
-- 
956 
938 
94 1 
890 
887 
872 
847 
805 
839 
826 
-- 
-- 

1482 
1480 
1477 
1474 
1468 
1456 
1434 
1385 
1345 
1285 
1210 
1120 
1045 
990 
965 
935 
900 
870 
835 
835 
805 
780 

2.07 X 10.' 
2.18 
2.50 
3.89 
4.47 
5.41 -- 
-- 
-- 
-- 
6.20 
5.93 
6.37 
4.63 
5.00 
5.51 
3.98 
3.68 
4.06 
4.74 
-- 
-- 

0.282 
0.363 
0.5 15 
0.693 
0.910 
1.17 
-- 
- 
- 

2.26 
2.10 
2.01 
1.70 
1.63 
1.49 
1.43 
1.32 
1.22 
1.22 
-- 
- 

I 1.30 X 10' 
1.94 
2.59 
3.45 
4.39 
5.63 
- 
- 
-- 
- 

12.3 
12.0 
11.3 
10.6 
10.3 
9.95 
9.49 
8.96 
8.46 
8.46 
- 
- 

2.81 x 
2.31 
1.87 
2.17 
1.77 
1.79 
-- 
-- 
- 
-- 
1.08 
1.12 
1.27 
1.10 
1.25 
1.47 
1.14 
1.14 
1.38 
1.61 
-- 
-- 

Test 273. ( I  = 18 in., pt = 201.0 psia, T,, = 1507'R, A = 6.871 Ib/sec, e = 0.034 in., 8' = 0.032 in., 6 = 0.017 in.) 

0.154 
0.172 
0.221 
0.241 
0.274 
0.349 
0.371 
0.374 

0.41 6 
0.328 
0.358 
0.330 
0.258 
0.313 
0.314 
0.254 
0.270 
0.240 
0.283 
0.210 
0.236 

-- 

801 
824 
904 
957 
92 1 
995 

1024 
1038 

1048 
995 

1015 
975 
917 
943 
899 
890 
875 
869 
851 
808 
775 

-- 

1506 
1504 
1501 
1498 
1492 
1482 
1459 
1409 
1369 
1298 
1228 
1143 
1058 
1003 
973 
948 
924 
894 
859 
859 
825 
800 

2.18 X lo-' 
2.53 
3.67 
4.39 
4.69 
6.87 
7.80 
8.17 

9.54 
6.78 
7.87 
6.80 
4.84 
6.25 
5.82 
4.68 
4.91 
4.36 
4.98 
3.45 
3.73 

-- 

0.372 
0.486 
0.635 
0.812 
1.05 
1.35 
1.74 
2.25 
2.47 
2.59 
2.57 
2.45 
2.08 
1.92 
1 .85 
1.74 
1.67 
1.54 
1.43 
1.43 
1.31 
1.20 

1.62 X 10' 
2.20 
3.03 
3.95 
4.99 
6.60 
8.54 

11.0 
12.5 
13.5 
14.0 
13.8 
12.8 
11.7 
11.3 
10.9 
11.0 
10.4 
9.73 
9.73 
9.26 
8.74 

2.25 x 
1.99 
2.22 
2.08 
1.59 
1.96 
1.73 
1.40 

1.42 
1.03 
1.28 
1.32 
1.01 
1.37 
1.33 
1.14 
1.30 
1.27 
1.42 
1.09 
1.28 

-- 
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qw Tw 
~TU/SOC in.' O R  

Table B-3 (continued). 

P P c  PCUC h 
st = - 

Pc'ecpc 

- h 
re BTU Ib 
O R  Pe 

soc in.' OF ..c in.' inP 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.169 
0.204 
0.255 
0.258 
0.296 
0.376 
0.393 
0.419 

0.435 
0.354 
0.379 
0.366 
0.292 
0.347 
0.351 
0.287 
0.309 
0.273 
0.325 
0.23 1 
0.272 

- 

840 
871 
954 
1014 
946 
1035 
1063 
1065 

1085 
1004 
1045 
1017 
940 
985 
942 
925 
917 
916 
899 
847 
814 

- 

Test 277. (I = 18 in., pt = 225.7 psh, T,, = 1508'1, = 7.775 I~/soc, 8 = 0.039 in., 6' = 0.038 in., + = 0.018 in.) 

3.15 
4.53 
5.15 
5.20 
7.87 
8.77 
9.32 - 
10.6 
7.32 
8.73 
8.08 
5.61 
7.38 
6.94 
5.56 
5.98 
5.31 
6.12 
4.01 
4.49 

0.162 
0.185 
0.236 
0.254 
0.288 
0.358 
0.387 
0.402 

0.425 
0.344 
0.372 
0.358 
0.277 
0.323 
0.334 
0.271 
0.295 
0.263 
0.307 
0.233 
0.256 

- 

t 

818 
841 
924 
991 
926 
1010 
1041 
1040 

1066 
982 
1025 
992 
920 
960 
923 
905 
898 
895 
876 
833 
794 

- 

1507 
1505 
1502 
1 499 
1492 
1480 
1450 
1401 
1361 
1291 
1222 
1162 
1083 
1008 
983 
954 
924 
894 
859 
859 
825 
800 

2.35 x io-' 
2.77 
4.04 
4.92 
4.96 
7.25 
8.39 
8.80 
- 

10.1 
6.93 
8.35 
7.65 
5.21 
6.65 
6.49 
5.14 
5.61 
5.01 
5.65 
4.01 
4.16 

I 

0.398 
0.534 
0.698 
0.921 
1.19 
1.51 
2.01 
2.60 
2.82 
2.95 
2.92 
2.30 
2.21 
2.21 
2.12 
2.00 
1.90 
1.74 
1.60 
1.60 
1.47 
1.35 

1.80 x Id 
2.59 
3.32 
4.36 
5.59 
7.31 
9.69 
12.6 
14.2 
15.4 
15.8 
14.1 
13.7 
13.6 
13.3 
12.9 
12.3 
11.7 
10.9 
10.9 
10.3 
9.59 

2.27 X lo-' 
1.99 
2.23 
2.06 
1.49 
1.85 
1.61 
1.30 

1.32 
0.930 
1 .u 
1.39 
0.956 
1.27 
1.28 

1.32 
1.28 
1 .u 
1.13 
1.27 

- 

1.11 . 

Test 278. (I = 18 in., pt = 250.7 pda, T t o  = 1517'R. A = 8.641 Ib/m, e = 0.036 in., 6' = 0.036 in., + = 0.016 in.) 

1516 
1514 
151 1 
1508 
1502 
1490 
1460 
1410 
1370 
1300 
1230 
1170 
lop0 
1015 
990 
960 
930 
900 
865 
865 
830 
805 

0.442 
0.593 
0.771 
1.02 
1.33 
1.67 
2.24 
2.88 
3.14 
3.28 
3.25 
2.56 
2.45 
2.45 
2.36 
2.22 
2.10 
1.93 
1.78 
1.78 
1.63 
1 .50 

~ 2.00 X 10' I 2.17X lo-' 
2.75 
3.69 
4.84 
6.22 
8.13 
10.8 
14.0 
15.9 
17.1 
17.5 
15.6 
15.3 
15.1 
14.8 
14.3 
13.7 
13.0 
12.2 
12.2 
11.4 
10.7 

I 

2.04 
2.26 
1.94 
1.40 
1.81 
1.51 
1.24 

1.25 
0.881 
1.36 
1.32 
0.924 
1.27 
1.24 
1.08 
1.27 
1.23 
1.41 
1.02 
1.23 

- 
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' lw TW re 
BTU/sec in? O R  O R  

Table 5 3  (continued). 

Pe"e Pc"e h h 
St = - 

PeUeCpe 

_. - fie 
sac in.' OF sac in.' in.-' 

BTU Ib 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

2.78 
3.73 
4.90 
6.30 
8.22 

10.9 
14.2 
16.0 
17.3 
17.8 
15.8 
15.4 
15.2 
14.9 
14.5 
13.9 
13.1 
12.3 
12.3 
11.6 
10.8 7 

___ ~~~ 

Test 275. (I = 18 in., p ,  = 253.7 prio, T, ,  = 1513OR, = 9.165 Ib/rec, 0 = 0.038 in., 6" = 0.038 in., @ = 0.015 in.) 

0.165 X 10' 

0.174 
0.202 
0.255 
0.254 
0.303 
0.356 
0.388 
0.402 

0.427 
0.350 
0.365 
0.357 
0.288 
0.342 
0.354 
0.292 
0.313 
0.278 
0.323 
0.245 
0.276 

- 

5.43 X lo-* 

839 
872 
951 

1006 
953 

1033 
1066 
1068 

1088 
1014 
1052 
1018 
943 
989 
948 
934 
923 
92 1 
900 
855 
823 

-- 

4.05 
3.28 
2.66 
2.12 
2.02 
1.76 
1.37 

1.18 
0.884 

-- 

1512 
1510 
1507 
1504 
1498 
1486 
1456 
1406 
1366 
1297 
1227 
1167 
1087 
1012 
987 
957 
928 
898 
863 
863 
828 
803 

v 

2.58 x io-' 
3.15 
4.53 
5.03 
5.44 
7.48 
8.80 
9.24 - 

10.6 
7.44 
8.62 
7.96 
5.61 
7.41 
7.14 
5.80 
6.17 
5.51 
6.15 
4.34 

0.447 
0.600 
0.779 
1.04 
1.34 
1.69 
2.26 
2.92 
3.17 
3.32 
3.28 
2.59 
2.48 
2.48 
2.39 
2.25 
2.12 
1.95 
1 .80 
1 .80 
1.65 
1.51 

2.21 x 
2.01 
2.23 
1 .87 
1.44 
1.70 
1.50 
1.21 

1.24 
0.887 
1.32 
1.29 
0.912 
1.26 
1.26 
1.1 1 
1.29 
1.26 
1.40 
1.08 
1.27 

-- 

Test 293. (I = 18 in., pt = 30.0 prio, T, ,  = 2001 O R ,  A = 0.836 Ib/sec, 8 = 0.047 in., 6' = 0.030 in., @ = 0.036 in.) 

0.0888 
0.0869 
0.0940 
0.0960 
0.101 
0.123 
0.137 
0.1 37 

0.134 
0.0992 
0.103 
0.0802 
0.0835 
0.1 23 
0.101 

0.109 
0.1 15 
0.149 
0.0554 
0.105 

-- 

-- 

694 
688 
705 
722 
688 
699 
710 
706 

700 
673 
682 
657 
660 
70 1 
673 

717 
673 
672 
658 
670 

-- 

-- 

I 

0.679 X lo-' 

+Flow separation existed at this locution. 
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0.417 
0.550 
0.701 
0.898 
1.15 
1.50 
1.97 
2.21 
2.39 
2.43 
2.37 
2.22 
2.04 
2.00 
1.93 
1.82 

Table B-3 (continued). 

t 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.51 2 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

3.36 
2.53 
2.04 
1.78 
1.70 
1 .u 
1.17 

1.04 
1.04 
0.891 
0.785 
0.791 
1.27 
0.881 

- 

Tort 294. (I = 18 in., pt = 49.9 pia, T,, = 2000'R, & = 1.411 Ib/*, 8 = 0.050 in., 8' = 0.026 in., # = 0.046 in.) 

0.938 
0.924 
0.962 
1.08 
1.33 
1.46 
1.52 

1.48 
1.46 
1.20 
0.948 
0.829 
1.28 
0.833 

- 

0.1 16 
0.118 
0.116 
0.1 17 
0.136 
0.165 
0.179 
0.183 

0.179 
0.175 
0.146 
0.117 
0.102 
0.150 
0.103 
0.114 
0.106 
0.1 17 
0.0495 
0.0872 
0.0665 

- 

746 
742 
747 
779 
739 
753 
772 
778 

759 
760 
742 
708 
704 
748 
677 
725 
683 
689 
682 
661 
628 

- 

1998 
1996 
1992 
1988 
1980 
1 965 
1 940 
1875 
1815 
1730 
1635 
1545 
1440 
1335 
1310 
1270 
1225 

t 

I 

I 

0.0785 
0.101 
0.132 
0.170 
0.219 
0.283 
0.367 
0.470 
0.517 
0.526 
0.522 
0.508 
0.460 
0.404 
0.389 
0.368 
0.340 

t 

1 
Test 290. ( I  = 18 in., pt = 755 pda, T,, = 1989.1 = 2.162 Ib/soc, 8 = 0.048 in., 8' = 0.034 in., qj = 0.032 in.) 

0.139 
0.142 
0.148 
0.177 
0.213 
0.248 
0.278 

0.326 
0.325 
0.31 1 
0.270 
0.245 
0.286 
0.283 
0.234 
0.242 
0.227 
0.256 
0.182 

- 

0.191 

784 
78 1 
800 
837 
800 
838 
897 
91 8 

953 
946 
960 
91 2 
888 
93 1 
884 
875 
856 
864 
837 
785 
750 

- 

tFlow separation existed at this location. 

1987 
1985 
1981 
1977 
1969 
1953 
1925 
1863 
1805 
1722 
1630 
1520 
1420 
1330 
1300 
1255 
1220 
1175 
1130 
1130 
1085 
1055 

1.15 
1.19 
1.28 
1.49 
1.86 
2.27 
2.63 

3.24 
3.23 
3.17 
2.66 
2.38 
2.93 
2.78 
2.30 
2.36 
2.24 
2.46 
1.68 
1.71 

- 

0.1 11  
0.153 
0.1 94 
0.253 
0.330 
0.423 
0.556 
0.715 
0.781 
0.822 
0.816 
0.771 
0.698 
0.61 4 
0.590 
0.555 
0.520 
0.472 
0.434 
0.434 
0.396 
0.365 

0.412 X IO5 
0.605 
0.799 
1.06 
1.35 
1.70 
2.30 
2.97 
3.34 
3.63 
3.71 
3.63 
3.40 
3.13 
3.03 
2.92 
2.79 
2.63 
2.47 
2.47 
2.31 

3.61 X loJ 
2.71 
2.21 
1.83 
1.63 
1.59 
1.48 
1.34 

1.45 
1.48 
1.55 
1.46 
1.50 
1.92 
1.95 
1.73 
1.97 
2.04 
2.24 
1.69 
1.88 

- 

i 
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q w  Tlo 'e 
BTU/tec in.' O R  O R  

Table B-3 (concluded). 

PeUe PeUe h 
St = - 

Peuecpe 

- h 

Pe 
see in.' O F  sec in.' in:' 

BTU Ib 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.512 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.133 
0.204 
0.276 
0.336 
0.385 
0.429 
0.469 
0.51 2 
0.541 
0.573 
0.603 
0.634 
0.664 
0.693 
0.717 
0.750 
0.782 
0.825 
0.864 
0.864 
0.905 
0.938 

0.161 
0.169 
0.164 
0.180 
0.259 
0.298 
0.379 
0.394 

0.443 
0.379 
0.389 
0.360 
0.312 
0.339 
0.339 
0.275 
0.271 
0.251 
0.299 
0.21 1 
0.225 

-- 

825 
820 
827 
895 
902 
938 

1038 
1069 

1101 
1062 
1062 
1026 
977 
984 
941 
927 
886 
903 
881 
822 
778 

-- 

1999 
1997 
1993 
1989 
1981 
1965 
1940 
1880 
1820 
1735 
1645 
1545 
1435 
1340 
1310 
1275 
1240 
1190 
1145 
1145 
1097 
1060 

1.37 x 10-~ 
1.43 
1.39 
1.63 
2.37 
2.81 
3.96 
4.29 -- 
5.08 
4.20 
4.36 
3.94 
3.27 
3.62 
3.49 
2.82 
2.69 
2.55 
2.97 
1.99 
2.05 

0.156 
0.205 
0.267 
0.344 
0.441 
0.566 
0.740 
0.958 
1.05 
1.10 
1.09 
1.04 
0.938 
0.826 
0.799 
0.757 
0.708 
0.642 
0.590 
0.590 
0.535 
0.500 

0.570 X 10' 
0.826 
1.09 
1.40 
1.82 
2.34 
3.06 
3.98 
4.47 
4.84 
4.94 
4.83 
4.54 
4.17 
4.06 
3.92 
3.76 
3.55 
3.32 
3.32 
3.10 
2.87 

3.16 X lo4 
2.53 
1 .88 
1.71 
1.94 
1.79 
1.94 
1.63 

1.70 
1.43 
1.59 
1.60 
1.53 
1.76 
1.79 
1.55 
1.65 
1.70 
1.99 
1.48 
1.64 

-- 

Test 298. (I = 18 in., pt = 126 ptia, T, ,  = 2007OR. m = 3.635 Ib/rec, e = 0.052 in., 6* = 0.036 in., + = 0.040 in.) 

0.184 
0.187 
0.206 
0.226 
0.320 
0.382 
0.423 
0.458 

0.491 
0.424 
0.41 1 
0.409 
0.347 
0.375 
0.383 
0.325 
0.319 
0.304 
0.356 
0.244 
0.259 

-- 

850 
851 
872 
953 
968 

1032 
1116 
1156 
-- 

1166 
1118 
1111 
1082 
1027 
1027 
986 
98 1 
932 
959 
940 
867 
809 

2005 
2003 
1999 
1995 
1985 
1970 
1940 
1880 
1820 
1735 
1640 
1525 
1415 
1340 
1310 
1275 
1240 
1185 
1140 
1140 
1095 
1060 

1.59 x 10-~ 
1.62 
1.81 
2.15 
3.09 
3.94 
4.79 
5.47 

6.05 
4.98 
4.85 
4.73 
3.82 
4.17 
4.12 
3.50 
3.30 
3.25 
3.74 
2.40 
2.42 

-- 

0.184 
0.248 
0.326 
0.424 
0.552 
0.712 
0.917 
1.20 
1.30 
1.37 
1.36 
1.26 
1.15 
1.02 
0.986 
0.934 
0.878 
0.806 
0.736 
0.736 
0.667 
0.618 

0.683 X 10' 
1 .oo 
1.33 
1.73 
2.23 
2.91 
3.78 
4.95 
5.55 
6.01 
6.13 
5.91 
5.55 
5.20 
5.02 
4.86 
4.65 
4.33 
4.09 
4.09 
3.83 
3.56 

3.12 X lo-* 
2.36 
2.01 
1.83 
2.02 
2.00 
1 .89 
1.66 

1.63 
1.37 
1.46 
1.57 
1.44 
1.64 
1.71 
1.56 
1.61 
1.75 
2.01 
1.43 
1.57 

- 
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